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Abstract 
The sterile insect technique (SIT) is a species-specific technology for the eradication 
or suppression of insect pests whose application relies on the development of 
efficient genetic sexing strains (GSS) to separate male insects, and on the mating 
competitiveness of the released sterile males. With the aim of generating an 
Anopheles GSS and sterile male mosquitoes through the use of transgenic 
technologies, the spermatogenesis pathway of D. melanogaster was considered as 
a model for likely events in Anopheles mosquitoes. In D. melanogaster, /32-tubulin 
is expressed solely in sperm and when ß3-tubulin is expressed in a ß2-tubulin 
pattern, male sterility results. Due to the striking similarities between the Drosophila 
and A. gambiae tubulins, it was envisaged that a similar mode for inducing sterility 
could be achieved in Anopheles mosquitoes. 
We report here on the development of a genetic sexing line based on the 
ability of the regulatory regions of the A. gambiae ß2-tubulin to drive sperm-specific 
expression of an enhanced green fluorescent protein (EGFP) in transgenic A. 
stephensi mosquitoes. ß2-EGFP was localized in the developing male gonad, and 
expressed in male sperm. Upon mating, viable fluorescent spermatozoa were 
detected in spermathecae of wild-type females, making this a useful tool for 
recapture studies. Importantly, ß2-EGFP expression allowed rapid automated 
separation of male larvae from a mixed male and female population. This is the first 
example of a transgenic Anopheles sexing mechanism. 
Following these studies the Gal4/UAS system was chosen to induce 
expression of the ß3-tubulin gene in a 62-tubulin pattern with the aim to induce 
sterility in male mosquitoes. The Gal4/UAS system was functional in Anopheles cell 
transfection studies, but disappointingly, males containing ß2-Gal4/UAS-ß3 
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cassettes were not sterile. A. stephensi larvae exhibited EYFP expression when 
embryos were injected with Actin5C-GaI4 and UAS-EYFP constructs, indicating that 
the Gal4/UAS is functional in A. stephensi. However, crosses between lines ß2- 
Ga14 and UAS-EYFP, or Actin5C-Gal4 and UAS-EYFP failed to yield any EYFP 
expression. PCR and sequencing of genomic DNA from lines containing Ga14 
showed that the Ga14 cassette was intact, and Ga14 transcripts could be detected by 
RT-PCR analysis. However, western blot analysis did not detect Ga14 protein 
despite efficient cell homogenisation. These studies strongly indicate that stable 
Ga14 expression is very problematic in A. stephensi and shed doubts on the 
potential usefulness of the Gal4/UAS system in Anopheles mosquitoes. 
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EGFP Enhanced green fluorescent protein 
EMP Erythrocyte-membrane protein 
EMS Ethyl methane sulfonate 
EXP Exported antigen 
EYFP Enhanced yellow fluorescent protein 
FCS Foetal calf serum 
-13- 
Abbreviations 
9 Gram 
g Centrifugal force 
G Generation 
Ga14 Saccharomyces cerevisiae transcription factor 
GLURP Glutamine-rich protein 
GMM Genetically modified mosquito 
GSMs Genetic sexing mechanisms 
GSS Genetic sexing strain 
h Hour 
hid Head involution defective 
HRP Horseradish peroxidase 
Hsp70 Heat shock protein 70 
ITNs Insecticide-treated bednets 
Ig Immunoglobulin 
L Litre 
LB Luria Berrtani medium 
LSA Liver-stage antigen 
M Molar 
mAb Monoclonal antibody 
min Minute 
mol Mole 
mRNA Messenger RNA 
MSP Merozoite surface protein 
MTOC Microtubule-organising centre 
nt Nucleotide 
OD Optical density 
Pb Plasmodium berghei 
PBS Phosphate-buffered saline 
PCR Polymerase chain reaction 
Pf Plasmodium falciparum 
Pfu Pyrococcus furiosus 
PLA2 Phospholipase A2 
pNpGB p-nitrophenyl p'-guanidinobenzoate 
RESA Ring-infected erythrocyte surface protein 
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Abbreviations 
RI DL Release of insects carrying a dominant lethal 
RNA Ribonucleic acid 
rpm Revolutions per minute 
RT-PCR Reverse transcriptase PCR 
rtTA Reverse tetracycline transactivator 
s Second 
SDS Sodium dodecyl sulfate 
SDS-PAGE SDS-Polyacrylamide gel electrophoresis 
S. E. Standard error 
SIT Sterile insect technique 
ssRNA Single-stranded RNA 
Sua Suakoko 
TBST Tris-buffered saline Tween 20 
TAE Tris-acetate-EDTA 
Taq Thermus aquaticus 
TE Transposable element 
TEP Thioester-containing proteins 
Tet Tetracycline 
Tet-O Tet-operator sequence 
Tm Melting temperature 
TRAP Thrombospondin-related adhesion protein 
tTA Tetracycline transactivator 
U Unit 
UAS Upstream activating sequences 
UV Ultraviolet 
v Volume 
V Volt 
w Weight 
WHO World Health Organisation 
WT Wild-type 
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Amino Acid Abbreviations 
Amino Acid 
Abbreviation 
Three-letter One-letter 
Alanine Ala A 
Arginine Arg R 
Asparagine Asn N 
Aspartic acid Asp D 
Cysteine Cys C 
Glutamic acid Glu E 
Glutamine GIn Q 
Glycine Gly G 
Histidine His H 
Isoleucine Ile 
Leucine Leu L 
Lysine Lys K 
Methionine Met M 
Phenylalanine Phe F 
Proline Pro P 
Serine Ser S 
Threonine Thr T 
Tryptophan Trp W 
Tyrosine Tyr Y 
Valine Val V 
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1.1 The Global Perspective of Malaria 
Malaria is the world's most important tropical parasite disease, caused by 
apicomplexan protozoa of the genus Plasmodium and transmitted to humans 
exclusively by female Anopheles mosquitoes. Malaria is widespread in hot humid 
regions of Africa, Asia and South and Central America, and between 350-500 million 
clinical cases of malaria are reported each year (World Malaria Report, 2005; World 
Population Prospects, 2006). Malaria is responsible for approximately 1.3 million 
deaths each year, a figure that equates to more than one out of every 50 deaths, 
globally. It is directly responsible for 1 in 5 childhood deaths, which accounts for 
more than 70% of all malaria fatalities in Africa (WHO, 2004; WHO, 2005), and 
indirectly contributes to morbidity and mortality from respiratory infections, diarrhea 
and malnutrition (Snow et al., 2001). Although accurate surveillance data is limited, 
it is estimated that in sub-Saharan Africa, malaria causes approximately 750,000 
deaths annually among children under five (Snow et al., 2001), with pregnant 
women being the main adult risk group in most endemic areas of the world. In 
short, much of the malaria-related morbidity and mortality occurs in economically 
poor rural areas where access to health and diagnostic facilities is limited (Sachs 
and Malaney, 2002; Barat et al., 2004). 
In addition to the palpable clinical burden, the economic effect of malaria is 
also immense (Chima et al., 2003). In endemic countries, it is estimated that 
between 1965 and 1990, malaria was responsible for an annual reduction of 1.3% in 
economic growth as compared to countries with similar backgrounds where there is 
less malaria (Sachs and Malaney, 2002). In absolute terms, it is estimated that the 
disease costs Africa more than US$12 billion annually (Greenwood et al., 2005). In 
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the 1950s and 1960s, a global eradication programme was initiated to build on the 
success of malaria elimination from the United States and most of Europe during the 
first half of the century. It focused on spraying with residual insecticides, anti- 
malarial drug treatment and surveillance, and was successful in eradicating malaria 
in many temperate territories. Despite this programme, approximately 40% of the 
world's population from tropical and sub-tropical regions of the world is still exposed 
to the disease. In areas where malaria is still prevalent, the intensities of malaria 
transmission can range from 200 to over 1,000 infective bites per person per year 
(Beier, 1998). The rapid spread of drug resistance in the parasite and the 
increasing resistance of the mosquito vector to insecticides, combined with weak 
health infrastructure, widespread poverty and, in some countries, civil unrest, has 
led to an increase in the burden of malaria in many parts of the world. 
With control strategies failing and malaria-associated mortality rising, the late 
1990s saw malaria once again become a priority for the international health 
community (Sachs, 2002; Greenwood et al., 2005). Financial and political support 
has increased dramatically and many new initiatives have emerged including: 
Medicines for Malaria Venture (www. mmv. org), the Malaria Vaccine Initiative 
(www. malariavaccine. org), The Global Fund against AIDS, Tuberculosis and Malaria 
(www. theglobalfund. org), The Grand Challenges in Global Health Initiative 
(www. grandchallengesgh. org), and the Roll Back Malaria Partnership 
(www. rbm. who. int). Furthermore, the recent elucidation of the complete genome 
sequences of Homo sapiens (Venter et al., 2001), Plasmodium falciparum (Gardner 
et al., 2002) and Anopheles gambiae (Holt et al., 2002), the three entities required 
for malaria transmission, signifies a major advance in the ongoing effort towards the 
long-term goal of eradicating malaria globally. 
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1.2 The Malaria Anopheles Mosquito 
The mosquito is the most important insect vector of disease. It is an obligate vector 
of a number of medically important protozoa, nematodes and viruses contributing 
towards the morbidity of between 350-500 million people worldwide and causing the 
death of approximately 1.3 million people every year. Human malaria, which is 
exclusively transmitted by Anopheles mosquito species, is the most important 
tropical disease carried by these vectors. 
There is a high level of genetic variation in the malaria vectors in Africa, 
which contribute to differences in their biology and ecology, allowing them to occupy 
diverse environments. As a result, they have different patterns of malaria 
epidemiology and transmission (Toure et al., 2004). There are more than 500 
species of Anopheles mosquitoes, however, only approximately 20 are important in 
the transmission of the parasite (Coluzzi, 1994; Sherman, 1998). The vectorial 
capacity of mosquito species responsible for the transmission of human malaria is 
determined by their ability to live in close association with the human habitat, by 
their anthropophilic feeding behaviour and their ability to support sporogonic 
development of Plasmodium species that infect humans (Collins and Besansky, 
1994). Differences in mosquito biology therefore underlie the varying 
epidemiological patterns of malaria seen worldwide. In South Asia A. culicifacies is 
the most important vector of malaria transmission, while A. stephensi is the principle 
vector that transmits malaria in urban areas, and in Africa, three mosquito species 
are responsible for the transmission of the majority of human malaria: A. gambiae 
sensu strictu (A. gambiae species A), A. arabiensis (A. gambiae species 
B) and A. 
funestus. These species are anthropophilic that have adapted specifically to man 
and his environment (Knell, 1991; Coluzzi, 1994; Sherman, 
1998). A. gambiae is 
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the most important vector and causes a high intensity of malaria transmission owing 
to its preference for human habitats, its striking anthropophilic behaviour and its long 
survival leading to a relatively high probability that it will become infective and allow 
Plasmodium to complete its lifecycle. 
1.3 The Plasmodium Lifecycle 
Malaria is caused by parasites of the genus Plasmodium, of which four species: P. 
falciparum, P. vivax, P. malariae, and P. ovale infect humans (Sherman, 1998). P. 
falciparum is the most lethal and accounts for the majority of infections. P. vivax is 
prominent in tropical and subtropical areas of the world but is relatively uncommon 
in Africa, whilst P. ovale is primarily found in tropical Africa, on the western coast. P. 
malariae has a broad geographical distribution and is well known for long term 
chronic infections. 
The malaria cycle begins in humans when a Plasmodium-infected female 
mosquito injects the infective form of the parasite, the sporozoite, into the 
mammalian host, during the course of a blood meal (Figure 1.1). Within one hour of 
injection (Beier, 1993), sporozoites migrate to the liver where they invade 
hepatocytes and undergo multiple rounds of asexual reproduction known as the pre- 
erythrocyctic cycle. From here, sporozoites differentiate into schizonts that contain 
thousands of uninucleated invasive and motile merozoites. When mature, the 
schizonts rupture, releasing the merozoites into the blood stream where they invade 
erythrocytes and differentiate into trophozoites before undergoing a further round of 
asexual reproduction. This produces thousands of merozoites that rupture the host 
erythrocyte allowing invasion of new erythrocytes. Clinical symptoms of malaria 
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including violent recurring fever, headache, vomiting and severe anaemia, are 
experienced during the synchronous rupture and re-invasion of red blood cells. 
More severe manifestations include cerebral malaria, kidney and other organ 
dysfunction, and probably result from the combination of parasite-specific factors, 
such as the release of bioactive molecules, together with host inflammatory 
responses (rev Mackintosh et al., 2004). A small proportion of the merozoites 
develop into male and female gametocytes (microgametocytes and 
macrogametocytes, respectively). 
The sexual phase of the lifecycle begins within the midgut of the mosquito. 
Gametocytes ingested during the course of a blood meal from an infected vertebrate 
host differentiate into gametes by a process termed gametogenesis. The 
microgametocyte undergoes three cell divisions to form eight microgametes that 
exflagellete and fertilise the macrogamete resulting in a zygote, which develops into 
a motile and invasive ookinete. The ookinete migrates to the periphery of the blood 
bolus and penetrates the chitinous peritrophic membrane and the midgut epithelial 
cell wall, positioning itself at the junction between the basal lamina and the midgut 
epithelial cells. Whilst at this position it develops into a spherical oocyst where 
multiple mitotic nuclear divisions take place resulting in the formation of sporozoites 
in the oocysts. Once the oocyst is mature (approximately 9-14 days post infection) 
thousands of sporozoites are released into the haemocoel that migrate through the 
haemolymph and invade the salivary glands. It is at this site that they can be 
inoculated into a vertebrate host during a subsequent blood meal. 
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Figure 1.1. The lifecycle of Plasmodium falciparum. The transmission cycle in humans begins with 
the bite of an infected female Anopheles mosquito. Sporozoites released from the salivary gland of 
the mosquito during blood feeding enter the bloodstream and invade liver cells. Here the sporozoite 
differentiates and undergoes asexual multiplication to produce a pre-erythrocytic schizont containing 
thousands of merozoites. Schizonts eventually rupture, releasing merozoites into the bloodstream 
where they invade erythrocytes, differentiating through ring stage trophozoites to an erythrocytic 
schizont containing 12-16 merozoites. The schizont ruptures the infected erythrocyte, releasing the 
merozoites that go on to invade additional erythrocytes. Not all merozoites differentiate into schizonts, 
some differentiate into sexual forms, male and female gametocytes, which are taken up by the 
mosquito during the blood meal. Within the mosquito midgut the gametocytes develop into gametes 
that fuse to form a zygote. The zygote in turn becomes a motile and elongated ookinete that invades 
the midgut wall of the mosquito where it encysts on the exterior of the gut wall as an oocyst. The 
oocyst grows before rupturing, releasing thousands of sporozoites into the mosquito body cavity. The 
sporozoites then migrate to the salivary glands and enter the salivary duct lumen from where they are 
injected into the vertebrate host upon the next blood feeding, thus completing the transmission cycle. 
Adapted from Wirth (2002). 
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1.4 The Armoury for Malaria Control 
Although various malaria control programmes have been established for many 
years, the number of malaria cases may be on the rise (Breman, 2001), indicating 
that the available strategies are insufficient to control malaria. However, with the 
recent mass distribution of approximately 40 million Long Lasting Insecticidal Nets 
linked with measles vaccination worldwide, with Ethiopia alone procuring a total of 
18.4 million nets in three years (Teklehaimanot, Sachs and Curtis, submitted in 
Lancet), this may no longer be the case. Targeting the vector has been relatively 
successful, but lack of sustainability and evolution of insecticide resistance have 
severely hindered efforts to eradicate the disease from most developing countries, 
highlighting the need for new lines of research in the hope that they will represent 
the long-term solution to the malaria burden. An overview of past and current 
malaria control strategies is outlined below. Since my Ph. D is essentially concerned 
with vector control approaches, a brief overview of strategies against Plasmodium 
parasites will first be given prior to a more extensive summary of vector control 
approaches. 
1.4.1 Strategies targeting the malaria parasite 
1.4.1.1 Prophylaxis against the parasite 
Many different anti-malarial drugs have been used in isolation or in various 
combinations to successfully reduce malaria disease. The most widely used are 
quinine and other related synthetic drugs (chloroquine, amodiaquine, primaquine 
and mefloquine) and anti-folate combination drugs (notably sulfadoxine- 
pyrimethamine). The former are believed to inhibit haemoglobin digestion in blood- 
stage parasites (Foley and Tilley, 1997), while the latter are thought to inhibit 
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dihydropteroate synthase and dihydrofolate reductase enzymes, depriving the 
parasite of essential folate cofactors (Warhurst, 2002; Yuthavong, 2002). 
Since 1959 P. falciparum resistance to chioroquine has become widespread 
and resistance to sulfadoxine-pyrimethamine, drug of choice in chioroquine-resistant 
P. falciparum malaria, is also widespread. Widespread resistance to a new class of 
anti-malarial drug, the artemisinins (artesunate, artemether, dihydroartemisinin, 
arteether) that interfere with parasite calcium regulation (Eckstein-Ludwig et al., 
2003), has not been reported and artemisinin combined with one of several 
synthetic drugs is now the preferred drug treatment in endemic regions. However 
there are examples of P. falciparum resistance to artemisinin derivatives in field 
isolates (Jambou et al., 2005; Afonso et al., 2006). Although it is believed that 
prophylaxis is not the solution for malaria control, due to the development of parasite 
drug resistance, there is much emphasis on Intermittent Preventive Treatment (IPT) 
for pregnant women and infants (C. Curtis, personal communication). 
1.4.1.2 Development of malaria vaccines 
Vaccines represent one of the most promising future control strategies, based on 
the fact that repeated exposure to malaria parasites can result in naturally acquired 
immunity. Most efforts have been directed towards the development of a pre- 
erythrocytic stage vaccine, designed to prevent sporozoite invasion of hepatocytes 
or to destroy infected hepatocytes. The most advanced pre-erythrocytic vaccine is a 
recombinant protein vaccine based on the circumsporozoite protein (CSP) called 
RTS, S/AS02 (Stoute et al., 1997). In a phase II controlled field trial with 
RTS, S/AS02 in semi-immune Gambian adults, substantial (71 %) protection was 
observed over the first nine weeks but this dropped to 0% over the next six weeks 
(Bojang et al., 2001). Other pre-erythrocytic stage vaccines being developed are 
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those against thrombospondin-related adhesive protein (TRAP), liver-stage 
antigens, LSA-1 and LSA-3, and exported antigen (EXP-1). 
Development of blood-stage (erythrocytic) vaccines has progressed far 
slower than pre-erythrocytic vaccines. Asexual blood stage vaccines aim to 
eliminate or reduce the number of blood stage parasites and have focused on 
antigens involved in erythrocytic invasion, including P. falciparum erythrocyte 
membrane protein (PfEMP-1), merozoite surface proteins (MSP-1-5), apical 
membrane antigen (AMA-1), erythrocyte binding antigen (EBA-175), ring-infected 
erythrocyte surface antigen (RESA) and glutamine-rich protein (GLURP). Studies 
have associated antibodies directed against MSP-1 with protective immunity in 
animal models (Holder et al., 1999) and recombinant AMA-1 has been shown to 
protect mice and monkeys against parasite challenge (Holder et al., 2001; Stowers 
et al., 2002). Although vaccine research has progressed rapidly over the past few 
years, a safe and effective vaccine is unlikely to be available in the near future 
(review by Greenwood et al., 2005). 
1.4.2 Strategies targeting the mosquito vector 
The mosquito vector is a principle target for malaria control, as its ability to survive is 
the critical factor that determines whether the infective sporozoites are produced 
and therefore affects the rate of transmission of the disease. The most successful 
methods of reducing malaria transmission to date have been those aimed at the 
vector population. Overviews of the most important methods of mosquito control are 
outlined below. 
1.4.2.1 The use of insecticides for vector control 
Vector control methods focused on the use of insecticides have had the most impact 
on reducing malaria incidence. Insecticide control programmes can target larval or 
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adult stages. Larval control has been attempted with oil and Paris green powder 
(now obsolete), but presently temephos, Bacillus thuringiensis israelensis (Bti) toxin 
and pyriproxyfen are the main larvicides used. However it is generally a less 
effective method of vector control. Control programmes targeting adult populations 
must take into account the diversity of habitats and feeding behaviours of different 
strains of mosquitoes, as the behaviour and ecology of the target vector is the 
crucial determinant of the effectiveness of adult and larval insecticides. 
In 1955, the World Health Organisation (WHO) launched a global campaign 
to eradicate malaria through the use of indoor residual spraying of dichloro-diphenyl- 
trichioroethane (DDT). This campaign was successful in eradicating malaria from 
Europe and diminishing it throughout Asia and Latin America. Even in tropical 
Africa, DDT house spraying reduced malaria prevalence to near eradication in areas 
such as Zanzibar (Curtis and Lines, 2000). Ultimately worldwide eradication was 
not achieved due to the emergence of DDT resistance, widespread mosquito 
behavioural changes, such as avoidance tactics, civil unrest and difficulties in 
sustaining eradication programmes. As DDT resistance and concerns about the 
environmental effects of chlorinated hydrocarbons increased, other more expensive 
insecticides such as the organophosphates, carbamates and pyrethroids became 
more commonly used. However, by 1992 some populations of more than 55 
different Anopheles mosquito species were found to be resistant to one or more of 
the commonly used insecticides (WHO, 1992). Importantly, South Africa 
successfully switched back to DDT spraying in 2000 and eradicated A. funestus, 
which had become resistant to pyrethroid insecticides (Maharaj et al., 2005). 
In recent years the main emphasis for malaria control switched from indoor 
residual spraying to the use of insecticide-treated bednets (ITNs). Bednets 
essentially provide a protective barrier that prevents vector-host interaction, and 
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their treatment with residual pyrethroids confers insecticidal and repellent properties, 
reducing the number of mosquitoes able to feed. ITNs have been a very effective 
method in preventing malaria transmission and on the reduction of childhood 
mortality (D'alessandro et al., 1995; Curtis et al., 2003). Currently, pyrethroids are 
the only insecticides approved for use on bednets due to their rapid mode of action, 
their very low mammalian toxicity yet being highly toxic to insects, and high residual 
effect. Thus the emergence of pyrethroid resistance in Anopheles populations 
represents a major concern. Foci of pyrethroid resistance have been reported in A. 
gambiae populations in eastern and western parts of Africa, as well as in A. funestus 
in southern Africa (Hargreaves et al., 2000; N'guessen et al., 2007). Resistance to 
pyrethroids can be due to target-site insensitivity or increased rates of insecticide 
metabolism (primarily by enzymes such as oxidases, esterases and glutathione-S- 
transferases), which is the most important mechanism of resistance in African 
malaria vectors (Hemingway and Ranson, 2000). 
1.4.2.2 Biological control 
Biological control has been proposed as an alternative or complementary strategy to 
the use of insecticides to control Anopheles mosquitoes. Biological control is the 
reduction of a pest population by a biological control agent such as a predator, 
pathogen, parasite, competitor or toxin. It is advantageous owing to its tight target 
host specificity and results in minimal disruption of non-target organisms in the 
environment. Larvivorous fish, such as Gambusia affinis and Poecilia reticulata, 
have been used successfully in malaria control programmes in Italy, Greece and 
India (Knell, 1991). Unfortunately, owing to inconsistent results across different 
environments, doubts have been raised over the suitability of this approach to vector 
control (Collins and Paskewitz, 1995). Also this approach may be impractical for A. 
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gambiae as they tend to breed in temporary pools of water. However, the toxins of 
the bacteria B. thuringiensis israelensis and B. sphaericus have been used 
effectively as larvicides reducing Anopheles larval density by 95% and human 
exposure to bites from adults by 92% in rural western Kenya (Fillinger and Lindsay, 
2006). Recently, promising results have been reported on the use of the 
entomopathogenic fungus, Metarhizium anisopliae, in houses as an alternative to 
chemical insecticides (Blandford et al., 2005; Scholte et al., 2005). Blandford et al. 
(2005) found that exposure of female A. stephensi mosquitoes to surfaces 
impregnated with this fungus following an infectious blood meal reduced the number 
of mosquitoes able to transmit the rodent malaria P. chabaudi by a large factor. 
Also female mortality increased markedly before the time of sporozoites maturation, 
and infected mosquitoes exhibited reduced propensity to blood feed. Scholte et al. 
(2005) showed that the entomopathogenic fungus was able to infect and kill adult A. 
gambiae mosquitoes in rural African village houses. This discovery is encouraging 
as the dynamic properties of fungal insecticides are likely to pose a much greater 
challenge to Anopheles mosquitoes than static chemical equivalents with respect to 
developing resistance. However, it is possible that resistance to fungi may evolve 
readily as suggested by Jiggins and Kim (2005) investigating the antifungal 
peptides, drosomycins, in Drosophila. Invertebrate predators and other pathogens 
and parasites have also been examined, but the high cost as well as logistical 
hurdles related to mass rearing and storage, non-specific feeding, instability and 
inefficiency have limited their use in vector control. 
1.4.2.3 Vector control using genetic control mechanisms 
Genetic control has also been advocated to target populations of Anopheles 
mosquitoes that are responsible for human malaria transmission. 
Genetic control 
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mechanisms are based on the modification of the insect genetic background in order 
to interfere at some level with its vectorial capacity. Forms of genetic control include 
achieving reduction/eradication of vector populations, generally through the release 
of sterile male insects, and the introduction or selection of traits with the ability to: a) 
confer refractoriness to Plasmodium parasites; b) modify the feeding habits of 
females; c) shorten the female's life span (strategies that are collectively known as 
population replacement) (reviewed by Pates and Curtis, 2005). The former strategy, 
known as the Sterile Insect Technique (SIT), is the better known form of genetic 
control utilised for several insect pests of agricultural importance. In the next set of 
paragraphs I will focus on the state of the art of SIT, and will discuss the future 
potentials of population replacement strategies. 
1.5 SIT as a Possible Strategy for Vector Control 
SIT is a species-specific and environmentally non-polluting method of insect control 
that depends on the delivery of large numbers of sexually active, genetically sterile 
males, over large areas (Knipling, 1959; Knipling et al., 1968). Sterile males would 
reduce wild populations by mating with virgin females, who would therefore lay only 
sterile eggs. If large numbers of sterile males are released over a sufficient period 
of time, the local eradication of an isolated pest population can be expected. SIT 
was first thought of in the 1930s as a possibility for insect control or eradication 
through the use of sexually sterile males (reviewed by Klassen and Curtis, 2005) 
and later Knipling (1955) suggested its use in the eradication of the screwworm 
Calitroga hominivorax (Cqrl. ). Experiments followed shortly afterwards and resulted 
in the eradication of screwworm from the 170-mile2 island of Curacao, about 40 
miles off the coast of Venezuela (Baumhover et al., 1955; Lindquist, 1955). 
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The paradigm of area-wide SIT programmes has been the elimination of the 
New World screwworm, Cochliomyia hominivorax, from the southern states of the 
USA, Mexico and all of Central America (Wyss, 2000). This area is now protected 
from re-invasion from South America by the release of relatively small numbers of 
sterile flies across a narrow barrier in Panama. Sterile flies were also used to 
eliminate a serious and potentially devastating introduction of this species into North 
Africa (Krafsur et al., 1987; Lindquist et al., 1992). Other pests of economic 
importance have also been targeted including the Mediterranean fruit fly, Ceratitis 
capitata, in various parts of Latin America and the tsetse vector of cattle 
trypanosomiasis in Zanzibar, Glossina austeni (Vreysen et al., 2000). Many studies 
have investigated the use of SIT as an Anopheles control measure and two 
examples of successful Anopheles SIT programmes include the local eradication of 
A. albimanus in an isolated region of EI Salvador (Breeland et al., 1974; Lofgren et 
al., 1974) and the eradication of Culex quinquefasciatus from a village in Myanmar 
(Laven, 1967) and from an island off Florida (Patterson et al., 1970). The above 
programmes underlined the problem of immigrant, already inseminated females that 
would not re-mate with sterile males on arrival in the release area. They also 
emphasised the need for a reliable method of eliminating biting females from 
batches of males being prepared for release. 
For SIT programmes, male sterilisation is typically accomplished through 
irradiation using gamma rays, but has also been attempted with chromosome 
aberrations, chemosterilisation, cytoplasmic incompatibility and sex ratio distortion 
through meiotic drive. Some important examples of sterilising approaches will now 
be outlined. Gamma radiation has been widely used and, at an appropriate dose, 
causes dominant lethal mutations in virtually 100% of the sperms that consist of 
chromosome breakages resulting in the death of embryos following fertilisation. 
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This method has been exploited to successfully eradicate several pest populations 
by mass release of irradiated males. Gamma-irradiated insects are not radioactive 
and to date no safety hazard has been associated with them. However, for 
mosquito SIT to be effective, the radiation dose must not negatively influence male 
survival or competitive behaviour. High radiation doses can result in a 4-10-fold 
reduction in C. capitata male effectiveness (Lance et al., 2000), while an optimised 
dose can fully sterilise pupal flies with little or no harm to the emerging adult. 
However, this is not the case with mosquitoes, where adults emerging from 
irradiated pupae are distinctly sub-normal in survival and mating competitiveness 
(Patterson et al., 1975). Recent studies, however, have shown that optimised 
irradiation doses can be very effective for inducing male sterility in Anopheles 
mosquitoes. Andreasen and Curtis (2005) demonstrated that A. stephensi or A. 
gambiae males competed effectively with wild-type (WT) males if radio-sterilised at 
the adult stage. If radio-sterilised at the pupal stage, significantly fewer matings took 
place when compared to un-irradiated males in the same cohort. Helinski et al. 
(2006) found adult male A. arabiensis had nearly normal competitiveness when 
exposed to a reduced dose as pupae. Such male adults could be used for SIT 
population suppression. Field trials in the 1970s in India (C. quinquefasciatus, Ae. 
aegypti) and EI Salvador (A. albimanus) utilized alkylating chemosterilisants such as 
thiotepa or bisazir. Pupae were immersed in alkylating solutions, carefully rinsed, 
and adults allowed to emerge. They carried dominant lethals in virtually 100% of 
their sperms and studies of their competitiveness in the field showed relatively good 
performance (Lofgren et al., 1974; Grover et al., 1976a, 1976b; rev Andreasen and 
Curtis, 2005). Importantly, chemical analysis of such chemosterilised males showed 
extremely low residues (LaBreque et al., 1972). 
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The presence of contaminating females also reduces the effectiveness of 
mosquito SIT releases as matings between sterile males and WT females are 
diluted, as shown in C. capitata, where single-sex releases of males are 3-5 fold 
more effective at population reduction than equivalent mixed-sex releases (McInnis 
et al., 1994; Hendrich et al., 1995; Rendon et al., 2004). Furthermore, in the case of 
mosquitoes, females are responsible for transmission of infectious diseases and 
their bites represent a nuisance for local populations, emphasising the absolute 
necessity for their elimination as early in development as possible. The male pupae 
of Culex pipiens fatigans are markedly smaller than females and carefully adjusted 
sieving systems developed by Sharma et al. (1972) routinely achieved 99.8% males 
among releases of 300,000 per day (Singh et al., 1975a; 1975b). However, such a 
sexing mechanism is not applicable in Anopheles as there is no apparent pupal size 
dimorphism as demonstrated by a field experiment by Lofgren et al. (1974) using A. 
albimanus mosquitoes. 
In the light of this, many studies have investigated generating a genetic 
means to produce efficient sexing in Anopheles. Studies in the past have 
successfully generated sexing strains in Anopheles mosquitoes using radiation- 
induced translocation to the Y-chromosome of dominant selectable markers. Using 
the translocation of dieldrin resistance to the Y-chromosome Curtis et al. (1976) 
developed a sexing strain of A. gambiae sensu stricto, and later Curtis (1978) went 
on to develop a similar sexing strain in A. arabiensis. This allows the effective killing 
of 1s' instar female larvae upon treatment of dieldrin, leaving males unharmed. 
Seawright et al. (1978) generated a Y-chromosome translocation system for 
preferentially eliminating female A. albimanus, an important vector of human malaria 
in Central America, using the gene conferring propoxur resistance. In A. albimanus 
the continued linkage of the resistance gene to the Y-chromosome was reinforced 
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by an inversion, and the system was used for routine production of a million sterile 
males per day (Dame et al., 1981). Studies have investigated the generation of a 
GSM using dieldrin resistance in A. stephensi (Liston). However, despite much 
effort by Lines and Curtis (1985), no male linkage of dieldrin resistance was 
observed, resulting in the propagation of similar numbers of female and male 
progeny following dieldrin treatment. Later, Robinson (1986) generated an A. 
stephensi GSM using Y-chromosome translocation of dieldrin resistance. However, 
following dieldrin-treatments in the G5 and G7 generations it was evident that the 
insecticide treatment was affecting the emergence of male pupae with 
approximately 20% mortality associated with emergence. There are several 
problems when using Y-chromosome translocation to generate GSM. First, there is 
frequent crossing over during male meiosis that over time could dramatically reduce 
the efficacy of the sexing system as accumulation of reversion takes place. Second, 
treatment of mosquito stocks with insecticides may have a negative effect on the 
overall fitness of the adult material produced, collectively highlighting the challenges 
faced when attempting to generate GSMs in Anopheles mosquitoes using Y- 
chromosome translocation approaches, particularly in A. stephensi. 
Although much research has been dedicated to SIT, the use of transgenic 
technologies for Anopheles mosquitoes (Catteruccia et al., 2000; Grossman et al., 
2001; Perera et al., 2002) has been widely advocated to overcome some of the 
problems mentioned associated with genetic control of mosquito vectors. In the 
next paragraph I will focus on the possible advantages of applying genetic 
manipulation techniques to SIT strategies and then I will discuss their potential for 
population replacement strategies. 
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1.5.1 Transgenic technologies to improve the effectiveness of SIT 
Transgenesis could be used to improve the efficiency and effectiveness of the SIT 
either through the development of efficient GSMs or through inducing early stage 
sterility without impairing male fitness (Alphey, 2002; Alphey and Andreasen, 2002). 
One possible approach for a GSM is the selective female killing by introducing 
conditional female-specific lethality genes. Such strains could be grown under 
permissive conditions and females killed under restrictive conditions. Studies in D. 
melanogaster have demonstrated the feasibility of this approach. A tetracycline- 
repressible (refer to Figure 1.7) female-specific lethal genetic system has been 
developed using a binary system containing the fat body and female-specific yolk 
protein 1 enhancer (ypl) controlling the tetracycline-repressible transactivator (ypl- 
tTa), and the pro-apoptotic gene hid under the control of the tetracycline responsive 
element (tRehid) (Heinrich and Scott, 2000). Thomas et al. (2000) devised a similar 
strategy in Drosophila, but instead, expression of the tetracycline-controlled 
transactivator (refer to Figure 1.7) was under the control of the female-specific yolk 
protein 3 (yp3-tTa) and the cytotoxic gene Ras64B under the control of the 
tetracycline responsive element (tReRas64B). 
Such female-specific dominant lethal systems or genes could be used in 
RIDL programmes (release of insects carrying a dominant lethal), thus eliminating 
the need for sterilisation by irradiation (Thomas et al., 2000). When males 
homozygous for these genes mate with WT females, progeny will be heterozygous 
for this dominant lethal. While the daughters will die, sons will survive, and pass this 
gene to half of their progeny, therefore propagating the effects to the next 
generation. Gong et al. (2005) have developed this system for autocidal control in 
C. capitata, where medflies are viable in the presence of tetracycline but die when 
the drug is absent, a very attractive feature for a strain meant to be utilized in a field 
-34- 
Introduction: chapter 1 
release. Phuc et al. (2007) developed this system for conditional late-acting 
dominant lethality in Ae. aegypti. These features confer an advantage for RIDL over 
traditional GSMs and sterilisation procedures including lower production costs than 
obtained with irradiation. However, there may be political difficulties associated with 
the large-scale release of fertile transgenic mosquitoes into the environment and the 
safety of the released material must be rigorously investigated prior to any release. 
The above examples show how insects can be manipulated in an attempt to 
achieve the development of male-only populations and have highlighted how the 
use of transgenic technology holds much potential for improving the effectiveness of 
SIT programmes. Transgenic research in these areas is very sparse and one of the 
greatest limiting factors at present is the lack of male-specific promoters. It is 
obvious therefore, that targeting genes specific to spermatogenesis could lead to the 
generation of sterile male mosquitoes and/or an effective genetic sexing strain, 
which have a level of competitiveness more comparable with WT males than 
irradiated males. Prior to discussing potential target genes that could achieve such 
traits, an outline of spermatogenesis will be provided (see section 1.6). 
1.5.2 Using GMMs for malaria control by population replacement 
As mentioned earlier, a further possible strategy of malaria control is based on the 
use of transgenic technologies to produce GMMs refractory to malaria parasites. By 
using a system that spreads a gene in a population, the refractoriness gene could 
replace a susceptible vector population provided that there was very close linkage of 
the driving system to the refractoriness gene. The rationale for this approach comes 
from the observation that refractoriness in mosquitoes, which occurs naturally in the 
field, can also be selected for or introduced in laboratory strains of Anopheles, 
indicating that there is a genetic basis for refractoriness. Refractoriness may be 
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achieved through the introduction of exogenous transgenes expressing anti-parasitic 
agents that interfere with the lifecycle of Plasmodium in the vector or mediate its 
killing. When the mosquito is invaded by Plasmodium parasites, a vigorous, non- 
adaptive immune response is mounted resulting in dramatic losses in parasite 
numbers at each stage of development (reviewed by Dimopoulos et al., 2001; 
Levashina, 2004). This has led to the search for immune effector genes that 
interfere with parasite development in the mosquito or mediate its killing (Blandin 
and Levashina, 2004). Anti-microbial peptides in the mosquito may play an 
important role in parasite clearing. Members of the defensin and cecropin class of 
anti-microbial peptides have been identified from the A. gambiae genome and some 
are induced by malaria infection (Dimopoulos et al., 1997,1998; Christophides et 
al., 2002). Other mosquito immune genes such as the peptidoglycan recognition 
protein, fibrinogen-related domain protein, thioester-containing proteins (TEP), a 
serine protease and a Toll-like receptor are regulated by parasite infection 
(Dimopoulos et al., 2002). Blandin et al. (2004) demonstrated that the A. gambiae 
hemocyte-specific complement-like protein TEP1 protein bound to, and mediated 
the killing of, midgut stage P. bergehei. It is hypothesised that TEPI-dependent 
parasite killing is followed by a TEP1-independent clearance of dead parasites by 
lysis and/or melanization. Driving gene expression of a leucine rich-repeat immune 
gene (LRIMI) has also been shown to antagonise Plasmodium development 
through melanisation (Christophides et al., 2002; Frolet et al., 2006). 
The regulatory regions of genes expressed in the three main sites in the 
mosquito where the parasite resides (midgut, hemocoel and salivary glands), have 
been identified and it is anticipated that such regions could be used to express anti- 
parasitic genes in tissues of choice at defined times. For instance, in transgenic A. 
stephensi, the carboxypeptidase promoter was used to drive expression of the bee 
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venom phospholipase A2 gene (PLA2) (Moreira et al., 2002). PLA2 expression 
reduced oocyst formation by 87% and impaired transmission to naive mice, by 
modifying the properties of the midgut epithelium. The carboxypeptidase promoter 
has been used in vivo to drive expression of the cecropin gene in transgenic A. 
gambiae, where it reduced oocyst formation by 60% (Kim et al., 2004). The A. 
gambiae adult peritrophic matrix protein (AgAperl) regulatory regions were used to 
drive expression of PLA2, where P. berghei oocyst formation was reduced by 
approximately 80% in transgenic mosquitoes (Abraham et al., 2005). 
Ghosh et al. (2001) screened a phage display library for novel midgut and 
salivary gland ligands that could be used to block parasite development. Antibodies 
that interfere with Plasmodium invasion of the mosquito vector could be used as 
anti-parasitic effector genes in transgenic mosquitoes. A monoclonal antibody 
against the P. berghei Pbs21 protein blocked oocyst development by at least 93% 
(Yoshida et al., 1999) and when linked to a lytic peptide, Shiva-1, anti-malarial 
activity was slightly increased (Yoshida et al., 2001). The mosquito midgut-specific 
monoclonal antibody MG96 achieved 100% blocking of P. yoelii development by 
binding to glycoproteins present on midgut epithelial cells (Dinglasan et al., 2003)., 
SM-1, a short synthetic peptide interacts with both tissues. Transgenic A. stephensi 
mosquitoes expressing an SM-1 tetramer under the control of the carboxypeptidase 
promoter (Ito et al., 2002) showed an 82% reduction in P. berghei oocyst numbers. 
The drive for new, more effective anti-parasitic molecules is still open, but 
the selected examples above show how the development of mosquito populations' 
refractory to Plasmodium parasites can be achieved. An important area of research 
that has been largely overlooked despite its unquestionable importance for vector 
control is represented by mosquito fertility In the next paragraphs an overview of 
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the spermatogenesis process in the fruitfly is provided, and possibilities of interfering 
with this process in the malaria vector are discussed. 
1.6 Drosophila melanogaster as a Model for Spermatogenesis 
Spermatogenesis is a complex cellular differentiation process leading to the 
development of highly specialised, motile spermatozoa from immotile primordial 
germ cells. This process is linked to meiosis and accompanied by extraordinarily 
complex changes in cellular shape, an enormous increase in length, and an 
unusually condensed packaging of the DNA. The species of mosquito whose 
spermatozoon ultrastructure has been described belong to four genera: Aedes, 
Anopheles, Culex and Culiseta (Breland et al., 1968; Philips, 1969). These studies 
have highlighted many similarities and differences with the model organism, D. 
melanogaster. Surprisingly, however, studies in mosquitoes are limited in spite of 
their great medical importance. Since spermatogenesis in D. melanogaster has 
been well characterised at the cytological and ultrastructural level (Hackstein, 1991) 
it affords an excellent model system for examining spermatogenesis in other insect 
species (Figure 1.2). 
1.6.1 The early stages of spermatogenesis in Drosophila 
Normal spermatogenesis begins with the unequal division of a primordial stem cell 
to form a gonial cell (spermatogonium). Each spermatogonium is surrounded by 
two somatically derived cells that form a cyst where all subsequent spermatogenesis 
occurs. At the tip of the testis, a spermatogonial cell undergoes four synchronous 
mitotic divisions, giving rise to a cyst containing 16 primary spermatocytes arranged 
in a syncytial organisation, which remain interconnected by a system of cytoplasmic 
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bridges. The spermatocytes undergo a 30-fold increase in volume, followed by two 
meiotic divisions. Meiosis I and II are separated by a short secondary spermatocyte 
stage, giving rise to a syncytium of 64 spermatids (Hackstein, 1991) (Figure 1.2). 
During the meiotic prophase, the organelles of a male germ cell follow their 
individual 'meiotic programmes'. In the nucleus of a primary spermatocyte, a high 
level of RNA synthesis can be detected, DNA replicates, and the nuclear envelope 
executes a shaping programme (Hackstein et al., 1991). In the cytoplasm, the 
mitochondria swell and aggregate with particular compartments of the meiocyte, the 
centrosome is duplicated, and a well-developed Golgi complex is present. 
Immediately after the second meiotic division, the most prominent components of a 
spermatozoon (haploid nucleus, nebenkern, flagella axoneme and acroblast) 
assemble in a characteristic fashion. The young spermatid acquires a pronounced 
polarity and the nebenkern forms by the fusion of the mitochondria that makes 
contact with the elongating axoneme. The acroblast develops from the Golgi 
complex at the opposite side of the nucleus of the spermatid. 
The development of the spermatid into the functional spermatozoon is called 
spermiogenesis and occurs in post-meiotic stages. The post-meiotic stages show a 
characteristic shaping of the spermatid nucleus, and a gradual elongation of the 
whole spermatid (from 0.36 mm in D. pseudoobscura to 50 mm in D. bifurca (Pitnick 
et al., 1995)), followed by individualisation, coiling and motility (Hackstein, 1991). 
The nebenkern becomes rounded, undergoes unequal division and elongates while 
transforming into the nebenkern derivative (the engine of the spermatozoon). The 
structure of mosquito spermatozoa is summarised in figure 1.3. The correct function 
and motility of sperm is ensured by a group of dynamic structures called 
microtubules, which consist of a- and /3-tubulin units. The next sections will discuss 
microtubules and the important role of the ß-tubulins within spermatogenesis. 
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Figure 1.2. Schematic representation of spermatogenesis in Drosophila melanogaster. Only one 
mitotic division has been shown for simplicity. Transcription of the tubulins ceases prior to the first 
meiotic division, at which point, only the ß2-tubulin transcript can be detected. Cytoplasmic cross 
bridges are detected from the first cellular division and these bridges remain throughout 
spermatogenesis. The mature, individualised, spermatozoa are then stored in the seminal vesicles. 
The time scale (denoted in hours) has been highlighted after each main step throughout 
spermatogenesis. Adapted from Kaltschmidt et al. (1991) and Alberts et al. (1994). 
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Figure 1.3. Structure of mosquito spermatozoa. Insect spermatozoa consist of head and tail 
regions. The head is composed of a highly condensed haploid nucleus and bears an apical acrosomal 
vesicle, which contains hydrolytic enzymes to assist oocyte penetration. Flagella extend through most 
of the length of the tail providing motility, and mitochondrial derivatives provide an energy source. The 
anterior-most part of the flagellum is juxtaposed to the nucleus and is embedded in a centriolar adjunct. 
No centrioles persist in mature insect spermatozoa. (A) The head region consists almost entirely of a 
homogeneously electron-dense nucleus within a nuclear envelope and bounded by the limiting 
membrane of the spermatozoa. (B) Over a short length of the spermatozoon, just behind the head 
region, a sac-like sheath, the centriole adjunct, surrounds the flagella tubules and the mitochondrial 
derivatives. (C) Further down the spermatozoon, the mitochondrial derivative and axoneme have fully 
developed, and the centriole adjunct has disappeared. Adapted from Clements (1992). 
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1.7 Introduction to the Microtubule 
Microtubules constitute one of the major components of the cytoskeleton of 
eukaryotic cells and are involved in many essential processes, including cell 
division, and cilia and flagella motility. All of these functions involve the interaction 
of microtubules with a large number of microtubule-associated proteins, which are 
important for the regulation and distribution of microtubules to the cell. Of particular 
interest are motor proteins of the kinesin and dynein families, which use ATP 
hydrolysis to move cargoes along adjacent microtubules or move microtubules with 
respect to each other (Hirokawa et al., 1998). 
Mohri (1968) introduced the term `tubulin', which was proposed as a name 
for the major protein forming microtubules of sperm flagella. Further analyses by 
Stephens (1970) revealed that there were two major proteins in flagella microtubules 
and microtubules from other sources. These two proteins were similar in mass, 55 
kDa, and designated a- and ß-tubulin. Crosslinking experiments showed that they 
form a heterodimer that is the major building block of the microtubule (Bryan and 
Wilson, 1971). 
1.7.1 a- and ß-tubulin - the backbone of the microtubule 
The cloning of the first a- and /3-tubulin cDNAs made it possible to clone tubulin 
genes and/or cDNAs from other organisms (Table 1.1). In vertebrates, both a- and 
ß-tubulin subunits are encoded by multigene families of at least 4-7 functional genes 
(Cleveland and Sullivan, 1985; Cleveland, 1987) whereas in lower eukaryotes, like 
yeast, they are encoded by one or two genes (Neff et al., 1983; Toda et al., 1984). 
It appears that one or more tubulin polypeptides can function to construct all 
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microtubules in lower eukaryotes, whereas in higher eukaryotes, multiple tubulin 
polypeptides are used. 
Two hypotheses have been proposed to explain the apparent necessity of 
multiple tubulin genes in higher eukaryotes (Raff, 1984; Cleveland, 1987; Wilson 
and Borisy, 1997). The first proposes that multiple tubulin genes encode divergent 
polypeptides, each conferring some unique property to the microtubule polymer 
(Fulton and Simpson, 1976). In the alternative hypothesis, the multiple polypeptides 
are functionally equivalent, with the necessity for multiple genes arising from a need 
for multiple controlling elements for activation of tubulin expression during 
alternative developmental pathways (Raff, 1984; Sullivan et al., 1985). 
Unambiguous discrimination between these two possibilities has not been achieved 
and indeed, examples in support of both hypotheses have been documented. 
Little and Seehaus (1988) illustrated that a- and /3-tubulins from widely 
divergent organisms typically share at least 60% amino acid identity. They also 
showed that a-tubulins share 36-42% identity with ß-tubulins, highlighting that a- 
and ß-tubulins constitute two highly conserved families of proteins within the tubulin 
superfamily. Nogales et al. (1998) elucidated the structure of the a%3-tubulin dimer 
by electron crystallography, and revealed their structures to be similar: each 
monomer is formed by a core of two /3-sheets surrounded by a-helices. It appears 
that the sequence conservation between a- and fl-tubulin reflects an even greater 
structural conservation. 
Microtubules found in the cytoplasm, axons or spindles of eukaryotic cells 
occur as singlets that usually consist of 13 protofilaments. Protofilaments are made 
up of repeating units of a- and %3-tubulin, organised head-to-tail forming a linear 
substructure that is slightly offset known as a `B' lattice (Figure 1.4). Lateral 
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interactions between protofilaments result in their assembly into the wall of the 
cylindrical microtubule. The intrinsic molecular pattern of the aß-tubulin repeat 
defines both the polarity of microtubules and the differing properties of the plus and 
minus ends. The minus end of the microtubule is usually located at a microtubule- 
organising centre (MTOC), which include the centrosome, flagella basal bodies and 
spindle pole bodies. Although MTOCs have diverse architecture, they exhibit 
discrete similarities in their biochemistry and molecular components. The plus end 
of the microtubule is where the aß-dimers are added during the microtubule 
elongation process. 
More complex microtubule structures such as flagella and cilia include 
doublets, consisting of one complete microtubule, usually containing 13 
protofilaments, with an incomplete 11-protofilament fused to it. Basal bodies and 
centrioles are structurally related and contain triplet microtubules at their proximal 
end. The additional microtubule in the triplet arrangement also has 11 
protofilaments (Dutcher, 2001) (Figure 1.5). There are exceptions, however. For 
instance, microtubules in neurones of Caenorhabditis elegans have 15 
protofilaments. It is believed that alterations in the sequence of a- and fi-tubulin are 
responsible for the change in their protofilament number (Fukushige et al., 1999). 
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Table 1.1. Summary of the number and genome organisation of a- and fi-tubulins in different 
organisms. 
Tubulin Number per Sequence Species Isoform Haploid Genome Organisation Selected References 
Human a, ß 15 to 20 Dispersed Lewis et al. (1985) 
Rat a, /3 15 to 20 Dispersed Lemischka et al. (1981) 
Monteiro and Cleveland 
(1988) 
Chicken a, ß 4 or 5 Dispersed Cleveland et al. (1980) 
Valenzuela et al. (1981) 
Lopata et al. (1983) 
Drosophila a, /3 4 Dispersed Kemphues et al. (1979, 
1980) 
Sanchez et al. (1980) 
Mischke and Purdue 
(1982) 
Sea Urchin a, ß 9-13 a- and ß-genes Cleveland et al. (1980) 
unlinked, but Alexandraki and 
some clustering Ruderman (1981) 
within families 
American lobster a, ß 4-5 Unknown to Demers et al. (1996) 
date 
Chlamydomonas a, ß 2 Dispersed Silflow and Rosenbaum 
(1981) 
Brunke et al. (1982) 
Aspergillus a, /3 2 Dispersed Sherr-Neiss et al. 
(1978) 
Morris et al. (1979) 
Trypanosomes a, ß 13-17 Most genes in Thomashow et al. 
tandem repeat (1983) 
cluster (aß) 
Leishmania a, ß 7-15 Separate repeat Landfear et al. (1983) 
clusters: (a) 
and (ß)n 
Yeast a, /3 1 Single Gene Toda et al. (1984) 
Neff et al. (1983) 
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Figure 1.4. Schematic representation of a micro- 
tubule. A heterodimer comprising a- and ß-tubulin form 
protofilaments that extend along the length of the 
microtubule. The protofilaments are offset slightly, 
producing aB lattice structure. Throughout most of the 
microtubule, a-tubulin molecules interact laterally with 
other a-tubulin molecules, and fi-tubulin molecules 
interact laterally with other P-tubulin molecules. Most 
microtubules in cells consist of 13 protofilaments. 
Microtubules are polar structures; P-tubulin molecules are 
at the plus (+) end of the protofilaments, and a-tubulin 
molecules are at the minus (-) end. Adapted from 
Oakley (2000). 
Figure 1.5. Protofilament arrangement of typical 
microtubule structures. The protofilament arrangement 
for singlet, doublet and triplet microtubule arrangements 
are shown. The singlet microtubule shown has a typical 
13 protofilament arrangement. The doublet and triplet 
structures have one 13 protofilament microtubule 
(designated tubule A), and one or two 11 protofilament 
microtubules (designated tubule B and C, respectively) 
fused to the side of the 13 protofilament microtubule. In 
these diagrams, each circle represents a single 
protofilament. Adapted from Dutcher (2001). 
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1.7.2 Spermatogenesis and the need for the tubulins 
Microtubules are involved in the meiotic divisions and the extensive morphological 
changes that occur in spermiogenesis including: 
1) Generation of the meiotic spindle, 
2) The formation and elongation of the mitochondrial derivatives, 
3) The assembly and elongation of the axoneme from the basal body, and 
4) The condensation and elongation of the nucleus. 
It is important to note that most, if not all, of the transcriptional activity in 
differentiating Drosophila sperm cells ceases before the first meiotic division 
(Lindsley and Tokuyasa, 1980), thus the transcriptional activity before the primary 
spermatocyte supplies all the information for the post-meiotic sperm differentiation. 
In D. melanogaster, three microtubule proteins in particular, ß1-, 132-, and ß3-tubulin, 
have been implicated in the correct function and motility of mature, individualised 
sperm (Kaltschmidt et al., 1991) (Figure 1.2). /31-tubulin is the predominant 
Drosophila ß-tubulin in all but a few tissues. It is also found in the early stages of 
germ cell differentiation and its product is incorporated into the mitotic spindles and 
cytoplasmic microtubules of the gonial cells and maturing primary spermatocytes 
(Kemphues et al., 1982; Kaltschmidt et al., 1991). Exceptions where ß9-tubulin is 
not the predominant fi-tubulin include the developing musculature of embryos and 
pupae (Gasch et al., 1988; Kimble et al., 1989), the ovarian follicle cells (Gasch et 
al., 1988), and the post-mitotic cells in the male germ line (Kemphues et al., 1982). 
ß3-tubulin is expressed in a complex temporal and spatial pattern in a number of 
somatic cell types in embryos, pupae, and certain adult tissues (Raff et al., 1982; 
Bialojan et al., 1984; Gasch et al., 1988; Kimble et al., 1989). ß3-tubulin is the 
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predominant isoform in the transient microtubule populations in the cells of the 
developing musculature in embryos and pupae and in the ovarian follicle cells 
(Gasch et al., 1988; Kimble et al., 1989). However, in at least some cell types ßl- 
and /33-tubulin are co-expressed, as in the developing wing blade, although the two 
isoforms appear to be differentially localised in this tissue (Kimble et al., 1989). ß3- 
tubulin is also expressed in the imaginal discs shortly after pupariation, in a small set 
of cells within the developing optic lobe, and in the somatic cyst cells that surround 
all descendents of one gonial cell up to the individualisation stage (Kimble et al., 
1989; Kaltschmidt et al., 1991). The sites of ß3-tubulin expression suggest that this 
isoform is primarily used in specialised cytoplasmic microtubules involved in 
determination of cell shape or tissue arrangement (Kimble et al., 1989). 
While the /31- and ß3-isoforms are expressed at other stages of Drosophila 
development, ß2-tubulin is expressed solely during spermatogenesis (Kempheus et 
a/., 1979,1980,1982,1983), and its product is the prominent fi-tubulin isotype in the 
cytoskeleton of mature primary spermatocytes, in the meiotic spindles and in the 
sperm axoneme (Kaltschmidt et al., 1991). Vertebrate ß-tubulin orthologues in 
different species are conserved in structure and have similar expression patterns, 
suggesting that they perform similar functions (Sullivan and Cleveland, 1986). This 
model may be true for all groups of organisms of similar evolutionary relationship, 
indicating that ß-tubulins from Anopheles mosquitoes may function in a very similar 
manner. Prior to discussing the specific functions ß2-tubulin plays in 
spermatogenesis, an outline of the sperm axoneme is given, as this structure is 
believed to be a potential target to induce sterility in Anopheles male mosquitoes. 
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1.8 Role of Microtubules in the Flagella Axoneme 
Despite the diversity of cell types that utilise cilia and flagella for motile functions, the 
basic ultrastructure of the axoneme of spermatozoa is similar in many groups of 
organisms. The structure generally consists of two central and nine outer 
microtubules. There is some variation in the number of microtubules in the outer 
structure of the axoneme in Diptera. In some organisms, the outer structure 
consists of nine groups of two microtubules (A and B) closely associated with each 
other to form a single compound unit in a 9+2 pattern, which is widespread in the 
animal kingdom (Dallai and Mazzini, 1983). In many insects, including Drosophila, 
the axoneme has an additional row of microtubules in the outer regions, called 
accessory microtubules, generating a 9+9+2 pattern (Figure 1.6a). Species of the 
family Simulidae are characterised by sperm having a 9+9+3 axoneme, which 
reaches the anterior end of the spermatozoon where a short acrosome is located 
(Baccetti et al., 1974). Breland et al. (1968) showed that the mosquito Culiseta 
inornata has an axoneme fibre structure of a 9+9+1 pattern, containing only a single 
central element rather than the typical two central singlets. Later studies 
demonstrated this to be a common arrangement in mosquitoes (Justine and Mattei, 
1981; Ndiaye et al., 1996) from the Culicidae family (Figure 1.6b). Ndiaye et al. 
(1996) demonstrated that the nine doublets appear first during development of the 
young mosquito spermatid, while the nine accessory singlets appear later in the 
developing spermatid and are initiated as an 'outgrowth' from the B-tubule of the 
associated doublet (Raff et al., 1997). Finally, the central fibre materialises in the 
old spermatids. However, Justine and Mattei (1988) suggested that this central 
fibre 
was not a real microtubule. After treatment with the tannin, tannic acid, 
the 
accessory tubules were found to contain 15 protofilaments each (Dallai and 
Afzelius, 
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1990; Ndiaye et al., 1996) while tubules A and B have 13 and 11 protofilaments, 
respectively (Ndiaye et al., 1996). Furthermore, Ndiaye et al. (1996) showed the 
presence of luminal filaments in the accessory microtubules of adult Culex tigripes 
mosquitoes, as found in D. melanogaster. 
The nine doublet microtubules are attached by dynein arms and radial 
spokes. In the 9+2 arrangement, the two central singlet microtubules are associated 
with inner sheath projections (Figure 1.6). Briefly, the dynein arms on one doublet 
microtubule generate force against the adjacent microtubule causing them to slide 
past one another (Brokaw, 1972). Because the doublets are tethered to the cell via 
the basal bodies and attached to each other by nexin links, the sliding is translated 
into flagella bending. The action of the dynein arms is tightly regulated to generate 
the typical complex waveforms of beating cilia and flagella. Regulation is achieved 
via several mechanisms. One such mechanism is the presence of multiple dynein 
isoforms, where at least nine different heavy chains have been identified (Porter, 
1996). Other structures in the axoneme, such as the radial spokes and central 
apparatus, play a critical role in flagella regulation. 
The central apparatus from the 9+2 and 9+1 both play a conserved role in 
the conversion of dynein-induced microtubule sliding into complex flagella 
waveforms. The function of the central apparatus was defined by studies in 
Chlamydomonas mutants that are missing all, or a subset, of the central apparatus 
components (Smith and Sale, 1992). These mutants are paralysed, yet retain the 
ability to undergo microtubule sliding, indicating that the defect is not in the force 
generating mechanism, but rather, in the system that regulates force generation. 
Thus, although the 9+1 and 9+2 arrangements are structurally different, it is most 
likely that the central apparatus (whether it contains two microtubules or a single 
microtubule-like element) functions in a fundamentally conserved manner. 
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Figure 1.6. Schematic representation of classic 9+9+2 and 9+9+1 axoneme arrangements. (a) 
The mature axoneme of D. melanogaster as an example of a 9+9+2 axoneme. (b) The mature 
axoneme of A. gambiae as an example of a 9+9+1 axoneme (adapted from Ndiaye et al., 1996). For 
both types of axoneme the accessory and outer doublet microtubules have the same location. All 
accessory filaments contain luminal filaments and the major difference between the two axoneme 
structures is the arrangement of the central apparatus. 
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1.9 The Role of ß2-tubulin on D. melanogaster Spermatogenesis 
With the discovery, characterisation and realisation that the D. melanogaster f32- 
tubulin gene was restricted to the testis, mutations in this protein using the mutagen, 
ethyl-methane-sulfonate (EMS), were induced that affected male fertility but not the 
viability of the flies that carried them. These mutations fall into two classes: 
1) Mutations that encode ß2-tubulin variants that fail to form stable dimers with 
a-tubulin and which are therefore rapidly degraded, resulting in complete 
failure for any of the microtubules which normally contain ß2-tubulin to be 
assembled; 
2) Mutations that encode stable variants of ß2-tubulin that cause defective 
assembly or function of one or more of the various sets of spermatogenic 
microtubules that require /32-tubulin. 
Of particular interest among the latter class is the mutation /32t8, which is identical to 
WT ß2-tubulin except for the substitution of a lysine for glutamic acid at residue 288 
(Rudolph et al., 1987). In ß2t8 homozygous males, all of the sets of microtubules in 
which ß2-tubulin normally functions are morphologically aberrant, including the 
meiotic spindles, cytoplasmic microtubules, and the axoneme microtubules (Fuller et 
a/., 1987,1988; Rudolph et al., 1987). 
The function of ß2-tubulin was initially investigated by screening sterile male 
ß2-tubulin mutants where the electrophoretic mobility of ß2-tubulin was altered. One 
such mutation isolated was the dominant male sterile variant, B2t°(Kemphues et al., 
1979,1980,1982). Electron microscopic examination of testes from such mutants 
showed both overall disorganisation of spermatid components and an aberrant 
substructure of the axonemal singlet and doublet microtubules in developing 
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spermatozoa. In addition, testes exhibited profound meiotic defects indicative of 
failure of microtubule function including complete failure to form a meiotic spindle in 
B2tD homozygotes, improper or absent chromosome movement and failure to 
undergo cytokinesis. 
The multi-functionality of ß2-tubulin was finally deduced owing to the 
isolation of four EMS-induced recessive male sterile mutations, B2t°+R1, B2t°+R2 B2t3 
and 8214 (Kemphues et al., 1980,1982,1983). Flies homozygous for each of the 
recessive mutations appear to be normal in the early stages of spermatogenesis, 
through completion of mature cysts of 16 primary spermatocytes. However, later 
stages, including both meiosis and subsequent spermiogenesis, are aberrant. The 
defects in spermatogenesis in males homozygous for the recessive mutations are 
similar, but more severe, than the defects observed for the dominant male sterile 
mutation B2tD. The abnormalities in meiosis and early spermatid formation of all the 
recessive mutations are indistinguishable from each other. 
In summary, early steps in spermatogenesis proceed normally, including the 
mitotic divisions of the gonial cells to form the cysts of 16 primary spermatocytes, 
but thereafter no microtubules are assembled in all mutants studied with the 
following characteristics: 
1) Meiosis fails to occur (no spindle is formed and cytokinesis does not occur); 
2) No cytoplasmic microtubule arrays responsible for spermatid head-shaping 
and mitochondrial derivative elongation in the sperm tail form; 
3) The sperm nuclei are not shaped and remain round; 
4) In no case is the axoneme synthesised; 
5) The spermatid bundles remain spherical or ellipsoid. 
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A series of studies show that expressing the ß3-tubulin in a ß2-pattern can impair 
male fertility. The f33-tubulin confers male sterility if it comprises 20% or more of the 
total tubulin pool in post-mitotic male germ cells (Hoyle and Raff, 1990), and Hoyle 
et al. (1995) demonstrated that male sterility was generated when ß3-tubulin was 
co-expressed in a 62-tubulin expression pattern in a 1: 1,1: 2 or 1: 3 ß2-ß3 ratio. 
Normal axoneme supra-structure was generated, but there was a mis-specification 
of axonemal tubule morphology such that the A-tubules of the A-B doublets also had 
the luminal filament, which are normally present in the singlet central pair and 
accessory tubules only. It is hypothesised that the presence of luminal filaments in 
microtubules generates increased stability, thereby inhibiting sperm motility. 
Importantly, these sterile male flies maintained their sexual drive, but no progeny 
were ever observed in `mating tests' (Hoyle et al., 1995). 
Collectively, these findings clearly demonstrate the importance of ß2-tubulin 
in the proper generation of mature sperm and male fertility. Also the importance of 
maintaining the fine balance of the tubulin pool in developing spermatozoa is critical. 
It is possible therefore, that A. gambiae /32- and ß3-tubulin orthologues may exhibit 
similar functional profiles and represent potent targets for generating both a GSM, 
using sperm-specific fluorescence, and sterility in Anopheles male mosquitoes. 
1.9.1 Using binary systems to drive target transgenes 
It is inherently difficult to maintain and analyse phenotypes of transgenic lines that 
contain gene products that are toxic, lethal, have reduced viability when expressed, 
or induce sterility when driven from promoters. One approach to remove such 
difficulties is to use a binary system such as the Gal4/UAS system, in which the two 
components of the system, the responder and the driver, are maintained as 
separate parental lines. The transcriptional inactivity of the parental responder lines 
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means that transgenic insects can be generated for gene products that may 
otherwise cause developmental defects or even death of the organism. In 
Drosophila for instance, responder lines currently encode lethal gene products, such 
as reaper and head involution defective (hid) that when combined with a tissue 
specific driver trigger programmed cell death of Drosophila central nervous system 
midline cells (Zhou et al., 1997) or tetanus neurotoxin light chain which blocks 
chemical synapses (Keller et al., 2002). Although the Gal4/UAS system has been 
very fruitful in elucidating gene function in Drosophila, its use in mosquitoes has not 
been documented to date. With a growing number of promoters becoming 
characterised, the Gal4/UAS system may become an important tool for elucidating 
additional gene function in Anopheles mosquitoes with an aim for disease control. 
Ga14 encodes a protein of 881 amino acids from the yeast Saccharomyces 
cerevisiae and regulates the expression of genes such as Gall and Ga110. Ga14 
regulates transcription by directly binding to four related 17 bp sites called UAS 
elements (upstream activation sequence), analogous to an enhancer element 
defined in multi-cellular eukaryotes, which are essential for the transcriptional 
activation of these Ga14-related genes (Giniger et al., 1985). The DNA binding 
domain (DBD) of Gal4 resides in the first 147 residues, while its transcriptional 
activation domain maps to two regions, residues 148-196 and 768-881 (Ma and 
Ptashne, 1987). The Gal4/UAS system is functional in a wide variety of systems 
including human HeLa cells (Webster et al., 1988), plant cells (Ma et al., 1988) and 
Drosophila (rev Duffy, 2002) with no overt deleterious phenotyptic effects. This led 
Brand and Perrimon (1993) to develop a Gal4/UAS system for targeted gene 
expression in Drosophila (Figure 1.7a). In this system, expression of a target gene, 
the responder, is controlled by the presence of the UAS elements, in this case five 
tandemly arrayed Ga14 binding sites. In the absence of Ga14 the responder 
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elements are maintained in a transcriptionally silent state. To activate the 
transcription of downstream genes, responder lines are mated to flies expressing 
Ga14 in a particular pattern, termed the driver. The resulting progeny then express 
the responder in a transcriptional pattern that reflects the Ga14 pattern of the 
respective driver. 
A second transactivating system of note is based on the tetracycline 
transactivator (tTA), which is regulated by tetracycline (Tet) or its derivatives 
(Gossen and Bujard, 1992). Two systems have been created, Tet-On and Tet-Off 
(Figure 1.7) and have been widely utilised in Drosophila (Gossen et al., 1995; 
Bieschke et al., 1998). The Tet-Off and Tet-On system have recently been 
demonstrated to function in A. stephensi mosquitoes (Lycett et al., 2004), making 
this system a powerful tool for analyzing gene function in mosquitoes and potentially 
for development of strategies to control disease transmission. 
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Figure 1.7. Schematic representation of the transactivation systems. (a) The Gal4/UAS system. 
The yeast transcriptional activator, Ga14, is driven in a specific spatial pattern either by a defined 
promoter or endogenous enhancer. The Ga14 protein (GaI4P), in turn, binds to its cognate UAS 
binding sites and constitutively activates transcription of a target gene cloned downstream of the UAS. 
(b) The Tet-Off system. In this system, the tetracycline transactivator, tTA, is driven either by a 
defined promoter or enhancer in a spatially delineated pattern. In the absence of tetracycline (Tet) or 
doxycycline, the transactivator (tTA) binds to the Tet-operator (Tet-O) and activates target gene 
transcription. In the presence of Tet or doxycycline, tTA is maintained in an inactive state, and target 
gene transcription is silenced. (c) The Tet-On system. In this system, the reverse tetracycline 
activator, rtTA, is maintained in an inactive state in the absence of Tet or doxycycline, and target gene 
transcription is silenced. In the presence of the drug, the rtTA binds to Tet-O and activates target 
gene transcription. Adapted from McGuire et al. (2004). 
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1.10 Aims of this Study 
This study was aimed at providing new transgenic tools for improving the efficiency 
of any potential mosquito SIT programme. In particular, I attempted the 
development of an efficient genetic sexing strain to achieve a reliable and 
automated separation of male from female mosquitoes at an early developmental 
stage, and the generation of a system to induce genetic sterility in males without the 
need for irradiation. For this purpose, I focused my studies on the characterisation 
of the A. gambiae 132- and ß3-tubulin orthologues. To this end, the study has been 
divided into two major components: 
1) The validation of the use of the most important tubulin gene in the Drosophila 
axoneme structure, ß2-tubulin, for the generation of a genetic sexing strain. 
2) The induction of male sterility by manipulating &tubulin expression in the 
sperm axoneme, through the use of the Ga14/UAS bipartite system, never 
previously tested in mosquitoes. 
1.10.1 Generation of a genetic sexing strain by the use of the X62-tubulin 
regulatory regions in A. gambiae 
The aim of this project was to generate a GSM in A. stephensi mosquitoes that 
could then be transferred to other mosquitoes, in particular those belonging to the A. 
gambiae complex. The first step was to identify and characterise in A. gambiae the 
putative orthologue of the D. melanogaster spermatogenesis-specific ß2-tubulin 
gene, Agf32tub. It was planned that this would be achieved using the available A. 
gambiae genome sequence and homology searching with the ß2-tubulin sequence 
from D. melanogaster and other Diptera. RT-PCR analysis would be performed to 
demonstrate that Agß2tub has a similar expression profile to that of D. melanogaster 
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ß2-tubulin. In order to obtain Agß2tub upstream and downstream regulatory regions 
to drive the time- and tissue-specific expression of a transgene in the testes, A. 
gambiae genomic DNA would be isolated. Fragments of 2.0 kb and 1.5 kb, 
postulated to represent upstream and downstream Agß2tub regulatory regions, 
would be used to drive stable expression of the EGFP reporter in A. stephensi 
mosquitoes. The EGFP expression would be analysed to determine its sex-, time- 
and tissue-specificity and the suitability of such transgenic lines as a GSS would be 
assessed using manual and automated separation strategies. Once assessed, the 
competitiveness of such males would be compared to WT males in cage mate- 
choice experiments. 
1.10.2 Inducing sterility in males by modifying the ß-tubulin expression in 
sperm cells by utilising the Gal4/UAS system 
The aim was to assess the ability of the Gal4/UAS system to function stably in 
Anopheles mosquitoes and its ability to induce male sterility by mis-localising the D. 
melanogaster ß3-tubulin orthologue, Agf33tub, in an Agf32tub profile. This study 
would mimic studies in D. melanogaster in an attempt to interfere with the 
Anopheles axoneme structure, and in so doing generate sterile males. The 
Gal4/UAS system would be tested in the A. gambiae Sua 4.0 cell line as its use in 
the mosquito has not been documented to date. For this, it was planned that a 
responder construct, UAS-EYFP, would be constitutively activated when crossed 
with an Actin5C-Gal4 driver. The effectiveness of this system would be assessed by 
comparison of fluorescence phenotypes with appropriate control transfections. To 
induce sterility in Anopheles male mosquitoes, it was planned to drive Agf33tub in an 
Agß2tub pattern. This would be achieved by generating two separate transgenic A. 
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stephensi lines. The driver line, ß2-Ga14, would drive Ga14 in an Agß2tub pattern, 
and when crossed with the responder line, UAS-(33, would mis-localise Agß3tub in 
an Agß2tub pattern (Figure 1.8). Transgenic A. stephensi males containing both 82- 
Ga14 and UAS-(33 cassettes would be crossed with virgin WT A. stephensi females. 
Male sterility would be assessed by analysing density of egg lays, hatch rate and 
ability to propagate a new generation from such crosses. 
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Figure 1.8. The Ga14/UAS system in action. It is hypothesised that A. stephensi male mosquitoes 
containing the ß2-Ga14 driver cassette and the UAS-ß3 responder cassette will be sterile. It is 
envisaged that Ga14 will be driven in a ß2-tubulin expression profile, and therefore in the sperm. At 
which point, ß3-tubulin will be transcribed from the UAS regulatory regions under the control of Gal4P. 
In the cytoplasm, 63-tubulin will interact with a-tubulin and generate the characteristic ap-dimer. This 
will alter the composition of the sperm #-tubulin pool, and in so doing the incorporation of , B3-tubulin 
into the axoneme will drive the manufacturing of additional luminal filaments in the A-tubules making 
the axoneme too rigid. This will cause the axoneme to no longer function properly generating sterile 
male Anopheles mosquitoes. 
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2.1 Cloning Procedures 
2.1.1 Bacteria cultures 
General cloning was performed in Eschericia coli DH5aT1' strain (Invitrogen). All 
bacteria were cultured in Laura-Bertani (LB) medium (11% BactoTM Tryptone [w/v], 
0.5% BactoTM Yeast Extract [w/v], 1% NaCl [w/v]) in the presence of the appropriate 
antibiotic (ampicillin 100 µg/mL). A total of 5 mL of culture was used for subsequent 
DNA preparation. Solid LB plates were made by adding 1.5% BactoTM Agar [w/v] 
(Becton Dickinson) to the same medium. 
2.1.2 Preparation of competent cells 
DH5a competent cells were prepared using the calcium chloride method, based on 
the protocol described by Cohen et al. (1972). A single bacterial colony from an 
agar plate without antibiotics was grown overnight in LB medium in a 37 °C shaking 
incubator. The culture was diluted 1: 500 with LB and grown in a 37 °C shaking 
incubator until the OD60o reached 0.3-0.5. The culture was placed on ice for 1 h, 
and then centrifuged at 2,300 xg for 15 min at 4 °C. The pellet was gently 
resuspended in 1/4 volume of cold solution 1 (50 mM CaCl2,10 mM potassium 
acetate) and incubated on ice for 1 h. The culture was centrifuged at 2,300 xg for 
15 min at 4 °C, and the pellet resuspended in 1/10 cold solution 11 (50 mM CaCl2,10 
mM potassium acetate, 20% glycerol [v/v]) on ice. The competent cells were 
aliquoted into pre-chilled Eppendorf tubes and stored at -80 °C. 
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2.1.3 Bacterial transformation with plasmid DNA 
Transformations were performed by heat-shock of CaCI2-treated bacterial cells. A 
total of 100 µL of freshly thawed competent cells was added to the ligation reaction, 
and incubated on ice for 30 min. Cells were heat-shocked at 42 °C for 90 s and 
then immediately transferred to ice for 2 min. Cells were then incubated with 800 µL 
LB at 37 °C for 1 h, with shaking at 225 rpm, to express the antibiotic resistance 
gene. Cells were spun down and resuspended in 100 µL LB and spread onto plates 
containing ampicillin (100 µg/mL) and incubated overnight at 37 °C. 
2.1.4 Miniprep isolation of plasmid DNA 
Small-scale preparations of plasmid DNA (up to 10 µg) were obtained using the 
alkaline lysis with SDS method (Sambrook and Russell, 2001). Briefly, 3.0 mL of an 
overnight bacterial culture was centrifuged at 10,000 xg for 10 min. Harvested 
bacteria were resuspended in 130 pL of solution 1 (25 mM Tris-HCI [pH 8.0], 10 mM 
EDTA [pH 8.0], 50 mM glucose), followed by 250 pL solution 11 (0.2 N NaOH, 1% 
SDS [w/v]) in order to lyse the cells. Renaturation of plasmid DNA and precipitation 
of bacterial proteins was achieved by adding 190 pL of solution III (3 M KCI, 5M 
C3COOH). Following incubation on ice for 10 min, the suspension was centrifuged 
at 10,000 xg for 20 min. The supernatant containing the DNA was then transferred 
to a clean Eppendorf and the DNA precipitated by adding 1 mL of 100% ethanol. 
After centrifugation at 10,000 xg for 25 min, the supernatant was removed and the 
DNA pellet washed with 200 pL 70% ethanol [v/v], air-dried and resuspended in a 
final volume of 100 pL double-deionised water (ddH2O). 
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2.1.5 Maxiprep preparation of plasmid DNA 
Large-scale preparations (up to 500 µg) of plasmid DNA for cell transfection or 
microinjection experiments were obtained using the QIAGEN® Plasmid Maxi Kit 
(Qiagen), according to the manufacturer's protocol. This system employs an anion- 
exchange resin to purify plasmid DNA. A modified alkaline/SDS procedure is used 
to lyse cells and separate plasmid DNA from genomic DNA before column 
purification. Negatively charged phosphates on the DNA backbone interact with 
positive charges on the surface of the resin whilst RNA, proteins, carbohydrates and 
other impurities are washed off. The plasmid DNA is eluted under high salt 
conditions and desalted by isopropanol precipitation. 
Briefly, a 500 mL overnight culture was centrifuged at 6,000 xg for 15 min at 
4 °C to harvest the bacterial cells. The supernatant was removed and the bacterial 
pellet resuspended in 10 mL Buffer P1 (50 mM Tris-HCI [pH 8.0], 10 mM EDTA, 100 
µg/ml- RNase A). Cells were lysed in 10 mL of Buffer P2 (200 mM NaOH, 1% SDS 
[w/v]), and incubated at room temperature for 5 min. A total of 10 mL of chilled 
Buffer P3 (3.0 M potassium acetate [pH5.5]) was added to stop the lysis reaction 
and the solution was incubated on ice for 20 min in order to precipitate the genomic 
DNA, proteins, cell debris and SDS. The solution was subsequently centrifuged at 
20,000 xg for 30 min at 4 °C and the supernatant containing the plasmid DNA was 
removed and transferred to a new tube. This centrifugation step was repeated in 
order to remove the final remains of the precipitate. The plasmid DNA solution was 
applied to an equilibrated resin column and allowed to pass through by gravity flow. 
QIAGEN-tip 500 columns were equilibrated by adding 10 mL of Buffer QBT (750 
mM NaCI, 50 mM MOPS [pH 7.0], 15% isopropanol [v/v], 0.15% Triton®X-100 [v/v]). 
Impurities were washed from the DNA with two successive applications of 30 mL of 
Buffer QC (1.0 M NaCl, 50 mM MOPS [pH 7.0], 15% isopropanol [v/v]), and DNA 
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finally eluted in 15 mL of Buffer QF (1.25 M NaCl, 50 mM Tris-HCI [pH 8.5], 15% 
isopropanol [v/v]) and precipitated in 10.5 mL (0.7 volumes) of isopropanol and 
centrifuged at 15,000 xg for 30 min at 4 °C. The DNA pellet was washed with 5 mL 
of 70% ethanol [v/v] and centrifuged at 15,000 xg for a further 10 min. After 
removal of the supernatant, the pellet was air-dried and resuspended in 100 pL of 
dd H2O. 
2.1.6 Purification of plasmid DNA by elution in a CsCI-ethidium bromide 
gradient 
Plasmid DNA for microinjection was further purified following elution from the 
QIAGEN® Plasmid Maxi Kit (Qiagen) by equilibrium centrifugation in a CsCI-ethidium 
bromide gradient (Clewell and Helinski, 1969). Ethidium bromide and crude plasmid 
DNA are mixed with a CsCI solution of density p=1.55. When the mixture is 
centrifuged at high speed, the centrifugal force is sufficient to generate and maintain 
a gradient of caesium atoms. During the formation of the gradient, DNAs of different 
buoyant densities migrate to positions in the tube at which the density of the 
surrounding CsCI solution equals that of the DNA itself. Closed circular plasmid 
DNA has a buoyant density of 1.59 g/cm3, linear double stranded DNA (dsDNA), 
1.54 g/cm3, while proteins and RNA have much lower and higher buoyant densities, 
respectively; thus permitting the isolation of closed circular plasmid DNA from nicked 
circular or linear DNA, protein and RNA. 
The protocol was adapted from Sambrook and Russell (2001). Briefly, a 
total of 8 mL TE buffer [pH 8.0] was added to maxiprep DNA and 10 g of 
ultracentrifuge grade CsCI (BDH) was then dissolved in the DNA solution. A volume 
of 0.5 mL (0.5 µg/mL) ethidium bromide was then added to the DNA-CsCI solution in 
order to intercalate the nucleic acid. The preparation was centrifuged at 6,000 xg 
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for 5 min to remove undissolved debris and the supernatant was transferred into 
ultracentrifuge tubes (Beckman OptiSeaITM 4.9 mL Polyallomer Tubes) (Beckman 
Coulter). The tubes were centrifuged under vacuum in a Beckmann' L8-70M 
ultracentrifuge for 16 h at 25 °C at 100,000 xg with a Beckman NVT 65.2 rotor. 
Following centrifugation, the DNA band corresponding to closed circular DNA was 
carefully aspirated from the gradient using a wide-bore syringe needle and ethidium 
bromide removed by repeated extraction with an equal volume of TE-saturated 
butanol. The extracted DNA was diluted with 3 volumes of ddH2O and precipitated 
with 2 volumes of isopropanol. After centrifugation at 15,000 xg for 30 min, the 
DNA was washed in 70% ethanol [v/v], dried and resuspended in ddH2O. The DNA 
preparation was analysed spectrophotometrically to determine quantity and purity. 
2.1.7 Spectrophotometry of DNA and RNA 
DNA and RNA were quantified using a Beckman DU®640 Spectrophotometer. 
Readings were taken at 260 nm and 280 nm. The reading at 260 nm is used to 
calculate the concentration of nucleic acid where an OD260 of 1 corresponds to =50 
µg/mL of dsDNA or =40 µg/mL of single-stranded RNA (ssRNA). The 260 nm to 
280 nm ratio (OD260/OD280) provides an estimate of the purity of the nucleic acid and 
a ratio between 1.8 and 2.0 indicates a pure preparation. 
2.2 Enzymatic Manipulation of DNA 
2.2.1 Restriction enzyme digestion of DNA 
All plasmid DNA preparations were digested with restriction enzymes from Roche 
Molecular Biochemical. Digestions were performed at 37 °C for 2-3 h in a volume of 
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15 pL in their respective 1x buffers. A 5-fold excess of restriction enzyme was used 
in each reaction, where 1 unit (U) of enzyme is defined to digest 1 µg of lambda 
DNA in 1 h. RNase A (100 µg/mL, USB°) was added to digests, which specifically 
attacks ssRNA 3' to pyridine residues and cleaves the phosphate linkage to the 
adjacent nucleotide. If a second restriction enzyme was required that was not 
compatible in the previously used buffer, the sample was first incubated at 70 °C for 
10 min, prior to the addition of the second restriction enzyme in a final volume of 20 
NL, and incubated for a further 2h at 37 °C. 
2.2.2 Ligation reactions 
All ligations were performed using 1 Weiss U of T4 DNA ligase (Roche Molecular 
Biochemicals) in 1x ligase buffer (66 mM Tris-HCI, 5 mM MgCl2,5 mM DDT, 1 mM 
ATP, pH 7.5) in the smallest possible volume (typically 10 pL). This increases the 
molarity of the vector and insert and the ligation efficiency. Approximately 25-50 ng 
vector was used and the molar ratio of vector to insert was generally 1: 1 and 1: 3. 
Ligations were performed at 16 °C for 4-16 h. A vector only control and insert only 
control ligations were performed in order to determine background levels of 
plasmids not resulting from a ligation event. 
2.2.3 Ligation into the pGEM®-T Easy Vector (Promega) 
In order to sequence PCR products, they were first cloned into the pGEM®-T Easy 
Vector (Promega), a pre-cut vector with 3'-terminal thymidine overhangs. 
Subcloning was facilitated by single 3'-adenosine overhangs present in amplified 
fragments and generated by Taq polymerase in a template-independent fashion. 
Before ligation, PCR products were purified with the QlAquick PCR Purification Kit 
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(Qiagen) according to manufacturer's instructions. A total of 25 ng of pGEM®-T 
Easy Vector was ligated at a molar ratio of vector to insert of 1: 3, with T4 DNA 
ligase (Roche Molecular Biochemicals) in a1x ligase buffer. Ligations were 
performed alongside a vector only control and incubated at room temperature for 4 
h. 
2.2.4 Dephosphorylation of digested plasmids 
T4 DNA ligase requires 5'-phosphorylated DNA strands to covalently link DNA 
fragments. Removal of the 5'-mono-phosphate from the cohesive ends of a cut 
plasmid by calf intestine alkaline phosphatase (CIAP) avoids religation of the vector 
on itself. This ensures that ligation only occurs in the presence of an insert, which 
provides the phosphate group essential for the formation of the phospho-diester 
bonds in the DNA backbone. Plasmid DNA was digested with the appropriate 
restriction enzyme and buffer for 2h at 37 °C. 1U of CIAP (Roche Molecular 
Biochemicals), sufficient to digest 100 pmol of 5'-terminal residues, was added to 
the digestion mix and the total volume made up to 20 pL with 1x CIAP buffer (50 
mM Tris-HCI, 0.1 mM EDTA, pH 8.5) and ddH2O. Following incubation at 37 °C for 
30 min, the reaction was terminated at 70 °C for 10 min. 
2.2.5. Ethanol precipitation of DNA 
Prepared DNA was precipitated from solution to alter components of enzymatic 
reactions or to concentrate DNA solutions. Typically, DNA was precipitated from 
solution by adding 1/10 volume of 3M sodium acetate [pH 4.5] and 2 volumes of 
100% ethanol. Following incubation on ice for 15 min, the solution was centrifuged 
at 10,000 xg for 20 min and the DNA pellet washed in 70% ethanol [v/v], air-dried 
and resuspended in ddH2O. 
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2.2.6. Phenol: chloroform extraction of DNA 
Phenol: chloroform extraction was performed to remove proteins from nucleic acid 
preparations that may be detrimental to their further manipulation. DNA was 
extracted in an equal volume of phenol: chloroform: isoamylalcohol (25: 24: 1), gently 
mixed for 5 min, and centrifuged at 10,000 xg for 3 min. The aqueous (top) phase 
containing the DNA was removed and transferred to a fresh 1.5 mL microfuge tube 
and extracted with 1 volume chloroform: isoamylalcohol (24: 1). After mixing for 5 
min, the sample was centrifuged at 10,000 xg for 3 min and the aqueous phase 
transferred to a fresh 1.5 mL microfuge tube. DNA was ethanol precipitated from 
solution and resuspended in ddH2O. 
2.2.7 Agarose gel electrophoresis 
For size separation, DNA was run on a 0.8%-1.0% agarose gel [w/v] containing 
ethidium bromide (0.5 µg/mL) in 0.5 x TAE buffer (20 mM Tris-acetate, 0.5 mM 
EDTA [pH 8.0], pH 8.3) at 90-120 V and then examined under UV light at 312 nm on 
a Herolab UVT-20M transilluminator. Hindlll/EcoRl-digested lambda phage DNA 
(300 ng, Sigma-Aldrich) or 2.5 pL Hyperladder ITM (Bioline) was included to estimate 
the size and quantity of the fragments. 
2.2.8 Extraction of DNA from agarose gels 
To extract DNA fragments following restriction digestion or PCR amplification, 
samples were loaded onto a 1% agarose gel [w/v] and separated at 10 V/cm. DNA 
was stained with ethidium bromide (0.5 µg/mL), examined and photographed under 
UV light of 312 nm. In this way desired fragments could be separated by size and 
excised from the gel with a scalpel. All gels were made with DNA-grade agarose 
(BDH). DNA was isolated from the agarose gel blocks using the QlAquick® Gel 
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Extraction Kit (Qiagen). The QlAquick® system consists of a spin column containing 
a silica-gel membrane adapted to isolate DNA from agarose gels. The absorption of 
DNA to the silica-gel surface occurs in the presence of a high concentration of 
chaotropic salts (Vogelstein and Gillespie, 1979), while contaminants pass through 
the column. Impurities are washed away, and the pure DNA eluted. The procedure 
was carried out according to the manufacturer's instructions. 
To each volume of gel, 3 volumes of Buffer QG (Qiagen) was added and 
incubated at 50 °C. After solubilisation, 1 gel volume of isopropanol was added. 
Solubilised samples were then applied to a spin column, centrifuged at 9,500 xg for 
1 min and the flow-through discarded. A further 500 pL of Buffer QG was added to 
remove any trace of agarose. Following centrifugation, the DNA bound to the silica 
membrane was washed with 0.75 mL of Buffer PE (Qiagen), which contains 70% 
ethanol [v/v], to remove residual salts. DNA was eluted from the column using 30 
pL ddH2O. A total of 3 pL of purified DNA was run on an agarose gel to estimate the 
concentration, alongside a marker of known molecular weight. 
2.2.9 Polymerase Chain Reaction (PCR) 
PCR was performed in order to amplify target sequences from genomic DNA or 
plasmids, and to screen for the presence of specific DNA sequences in cloning 
vectors. In all cases, PCR reactions were performed using a Hybaid PCR Express 
thermal cycler. Primers were designed based on the sequence of a known plasmid 
or the published A. gambiae (str. PEST) sequence and ordered from MWG-Biotech. 
Although the cycling conditions and template concentrations varied considerably, 
standard PCR reactions contained 1x Taq PCR buffer without MgCI2 (10 mM Tris- 
HCI, 50 mM KCI, pH 8.3), 2 mM MgCI2,0.2 mM each of dATP, dCTP, dGTP, dTTP 
(Roche Molecular Biochemicals), 25 pmol of each primer and 0.25 U of Taq DNA 
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polymerase (Roche Molecular Biochemicals) in a 25 pL volume. Approximately 50 
ng of genomic DNA and 0.1-10 ng of plasmid DNA were used as template per 
reaction. Since PCR from genomic DNA can be more difficult, more template is 
needed. The standard PCR programme used was 1 cycle of an initial denaturation 
at 95 °C for 5 min; 30-40 cycles of denaturation at 95 °C for 1 min, annealing at 53 
°C for 30 s, and elongation at 72 °C for 1 min; and a final elongation at 72 °C for 10 
min. The annealing temperature varied depending on the melting temperature of 
the primers and was generally 2-5 °C below the Tm, which is calculated using the 
following formula: 
Tm=(4X[C+G])+(2X[A+T])°C 
The elongation time also varied and was approximately 1 min/kb of target. 
2.2.10 Sequencing reactions 
Sequencing was performed to ensure the integrity of recombinant plasmids and 
templates amplified by PCR. The dideoxynucleotide chain termination method 
(Sanger et al., 1977) was employed which is based on chain termination by four 
differentially fluorescent-labelled dideoxynucleotides (ddNTPs). Subsequently the 
last base on each chain can be identified by its fluorescence. Reactions were 
performed using the ABI PRISM® BigDye'" Terminator Cycle Sequencing Ready 
Reaction Kit (Applied Biosystems) and an ABI PRISM® 377 Automated Sequencer 
(Applied Biosystems). To 4 pL of BigDyeTM sequencing mix containing the Pfu 
polymerase, dNTPs and ddNTPs, approximately 500 ng of template DNA and 3.2 
pmol of primer were added. Sequencing inserts within the pGEM®-T Easy Vector 
(Promega) was performed with primers M13for (5'-GTAAACGACGGCCAGT-3') and 
M 13rev (5'-CAGGAAACAGCTATGAC-3'), which bind outside of the multiple cloning 
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region. Sequencing recombinant plasmids, gene-specific primers were used. 
Reactions were performed in the Hybaid Thermal Cycler with the following 
conditions: 1 cycle of an initial denaturation at 94 °C for 2 min; 35 cycles of 
denaturation at 96 °C for 15 s, annealing at 50 °C for 15 s, and elongation at 60 °C 
for 4 min. The sequencing reactions were precipitated with 0.3 M sodium acetate 
and 2 volumes of 100% ethanol, pelleted by centrifugation, washed in 70% ethanol 
[v/v] and the dried pellet sent to the Applied Biotechnology Centre (Imperial College 
London) for sequencing. 
2.2.11 Radioactive probe synthesis 
The High Prime DNA Labelling Kit (Boehringer) was used to prepare probe, pPB 
(Table 2.1), for Southern blot analysis following the manufacturer's instructions. A 
total of 25 ng of gel-extracted template DNA was denatured in a boiling water bath 
for 10 min and then immediately chilled on ice. DNA was radio-labelled with 4 pL of 
the High Prime Labelling mixture (1 U/pL Klenow polymerase, labelling grade, and 5 
x stabilised reaction buffer in glycerol, 50% [v/v]), 0.075 mM each of dCTP, dGTP, 
dTTP and 5 pL [a32P] dATP (10 µCi/pL, 6,000 Ci/mmol) (Amersham Pharmacia 
Biotech) and incubated for 20 min at 37 °C. The reaction was terminated by the 
addition of 2 pL EDTA [pH 8.0] and 28 pL of STE buffer (10 mM Tris-CI [pH 8.0], 0.1 
mM NaCl, 1 mM EDTA [pH 8.0]), bringing the mix to a final volume of 50 pL. 
ProbeQuant micro Sephadex G-50 DNA columns (Pharmacia Biotech) were used in 
order to remove the unincorporated radioactive and non-radioactive dNTPs. 
Following column centrifugation at 500 xg for 1 min, the radioactive probe was 
added to the column resin and centrifuged for 2 min at 500 x g. Before use, probes 
were denatured for 10 min in a boiling water bath and then transferred immediately 
to ice. 
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Table 2.1. Nucleotide probe, pPB 
Probe Size Forward Reverse 
name (bp) primer primer 
pPB 700 pPBforint pPBrevint 
5'-CTCTGCTCTTCTGCAAGGC-3' 5'-CACTGATGGATAAAGAGATCC-3' 
The size (bp) and primers used to amplify probe pPB from plasmid, pBac[3xP3-DsRedaf] (Horn and 
immer, 2000), are shown. 
2.3 Plasmid Construction 
2.3.1 Generation of transformation vector pPB[DsRed]ß2-EGFP 
A 2.0 kb fragment of the A. gambiae (str. KWA) putative ß2-tubulin 5'-regulatory 
region was amplified by PCR from genomic DNA using forward primer Agß2for5'Reg 
(5'-GGGGGATCCGCACGTGTTCAGCTTGC-3'), which added a BamHI site 
(underlined) at the 5' end of the 5'-regulatory region, and reverse primer 
Agß2rev5'Reg (5'-CCCGATATCTTTCGAAACTGTGAAACTGTGAAAGCCG-3'), 
which added an EcoRV site (underlined) to the 3' end of the 5'-regulatory region. A 
1.4 kb fragment of the A. gambiae (KWA) putative 62-tubulin 3'-regulatory region 
was amplified by PCR from genomic DNA using forward primer Agß2for3'Reg (5'- 
GGGAAGCTTAACTAAAGCTAAATTGAACAC-3'), which added a HindIIl site 
(underlined) to the 5' end of the 3'-regulatory region, and the reverse primer 
Agß2rev3'Reg (5'-CCCGGTACCTCCGACATTAACATCTACG-3'), which added a 
Kpnl site (underlined) to the 3' end of the 3'-regulatory region. The 720 bp reporter 
gene, enhanced green fluorescent protein (EGFP), was amplified by PCR from 
plasmid pEGFP (Invitrogen) using forward primer EGFPforHindIIl, (5'-GGGAAGCT- 
TATGGTGAGCAAGGGCGAG-3'), which added a Hindll i site (underlined) to the 5' 
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end, and the reverse primer EGFPrevHindlll (5'-CCCAAGCTTTTACTTGTACAGCT- 
CGTC-3'), which added a HindIII site to the 3' end. 
The /32-tubulin 3'-regulatory region was inserted into the KpnI/Hindl il- 
digested pBluescript SK+ plasmid (pBS) (Invitrogen, Appendix I, a). The EGFP 
coding sequence was cloned next to the 3'-regulatory region between the Hindlll 
site. The 2.0 kb 5' -regulatory region was then inserted into pBS between the 
BamHl/EcoRV sites adjacent to the EGFP coding sequence. The resulting 
intermediate plasmid, pBS(32-EGFP (Appendix I, b), was digested with restriction 
enzymes BamHI and Kpnl, releasing the 4.1 kb 82-EGFP cassette. To obtain the 
necessary restriction sites for cloning the /32-EGFP cassette into the final 
transformation plasmid pBac[3xP3-DsRedaf] (Horn and Wimmer, 2000), the 
cassette was first cloned into plasmid pSLfal180fa (Pharmacia, Appendix I, c), 
between BamHI and Kpnl sites (Appendix I, d). The cassette was excised from this 
plasmid using restriction enzyme Ascl, and inserted into an Ascl cloning site in the 
plasmid pBac[3xP3-DsRedaf], which lies upstream of the Discosoma red fluorescent 
(DsRed) marker gene, creating the final plasmid pPB[DsRed]ß2-EGFP (see results 
3.4). The orientation of the ß2-EGFP reporter and DsRed marker cassettes was 
shown using a series of primers: forward primer, DsRedfor (5'-CCCGGATCCCCAT- 
GGTGCGCTCCTCC-3'), which is specific for the DsRed marker; reverse primer, 
(32rev5'Reg (5'-GATGCATCCACTTTCCTCC-3'), which anneals at position 1651 of 
the ß2-tubulin 5'-regulatory region; forward primer, ß2for3'Reg (5'-CAAATTGCGAT- 
TCCCAGGTC-3'), which anneals at position 396 of the ß2-tubulin 3'-regulatory 
region. 
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2.3.2 Generation of transformation vector pPB[DsRed]ß2-EGFP$ 
A 1.7 kb Ascl cassette, ß2-EGFP (short) (ß2-EGFPs), was amplified by PCR from 
the original 4.1 kb ß2-EGFP cassette within pPB[DsRed]ß2-EGFP (see results 3.4) 
using forward primer 5'Regß2F490 (5'-GGGGGGCGCGCCCTAGCGTTCATAATT- 
GATATAG-3'), which added an Ascl site (underlined) at the 5' end of the cassette, 
and reverse primer 3'Regß2R489 (5'-CCCGGCGCGCCCGATTTAAGGACCGATT- 
CC-3'), which added an Ascl site (underlined) at the 3' end of the cassette. The ß2- 
EGFPS cassette contained 490 bp of ß2-tubulin 5'-regulatory region, the coding 
sequence of EGFP and 489 bp of ß2-tubulin 3'-regulatory region. As an Ascl 
fragment, the 62-EGFPs cassette was inserted into an Ascl cloning site in the 
plasmid pBac[3xP3-DsRedaf], creating the final plasmid pPB[DsRed]ß2-EGFP, (see 
results 3.5). The orientation of the ß2-EGFPs reporter and DsRed marker cassettes 
was shown using a series of primers: forward primer, DsRedfor; reverse primer, 
(32rev5'Reg; forward primer, ß2for3'Reg. 
Several larger Ascl 62-EGFP cassettes were also amplified from 
pPB[DsRed]ß2-EGFP containing EGFP with varying lengths of /32-tubulin 5'- and 3'- 
regulatory regions. A 2.7 kb cassette, ß2-1005-EGFP-1002, was amplified using 
forward primer 5'Reg(32F1005 (5'-GGGGGCGCGCCGCGTTGCTTTAAATGTGAT- 
TG-3'), which added an Ascl site (underlined) at the 5' end of 1005 bp ß2-tubulin 5'- 
regulatory region, and reverse primer 3'Regß2R1002 (5'-CCCGGCGCGCCGCGAA- 
ACACGGACGACC-3'), which added an Ascl site (underlined) at the 3' end of 1002 
bp ß2-tubulin 3'-regulatory region. A 2.2 kb cassette, /32-1005-EGFP-489, was 
amplified using forward primer 5'Regß2F1005 and reverse primer 3'Regß2R489. A 
second 2.2 kb cassette, 62-490-EGFP-1002, was amplified using forward primer 
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5'Regß2F490 and reverse primer 3'Reg(32R1002. All Ascl ß2-EGFP cassettes were 
gel purified (see results 3.5). 
2.3.3 Generation of transformation vector pPB[EGFP]ß2-GaI4 
The coding sequence of Ga14 was isolated as a 2.9 kb Hindill fragment from 
plasmid pGaTB (Brand and Perrimon, 1993). Ga14 was cloned into the Hindill site 
of pBS containing the 1.4 kb ß2-tubulin 3'-regulatory region. The 2.0 kb ß2-tubulin 
5'-regulatory region was then inserted into pBS between the BamHI/EcoRV sites 
adjacent to the Ga14 coding sequence. The resulting intermediate plasmid, pBSß2- 
Ga14, was digested with the restriction enzymes BamHl and Kpnl, releasing the 6.3 
kb /32-Ga14 cassette. To obtain the necessary restriction sites for cloning the ß2- 
Ga14 cassette into the final transformation plasmid pBac[3xP3-EGFPafm] (Horn and 
Wimmer, 2000), the cassette was first cloned into plasmid pSLfal180fa, between 
BamHI and Kpnl sites. The cassette was excised from this plasmid using restriction 
enzyme Ascl, and inserted into an Ascl cloning site in the plasmid pBac[3xP3- 
EGFPafm], which lies upstream of the EGFP marker gene, creating the final plasmid 
pPB[EGFP]ß2-Gal4 (see results 4.2.1). The orientation of the ß2-Ga14 reporter and 
EGFP marker cassettes was shown using a series of primers: forward primer, 
EGFPfor (5'-ATGGTGAGCAAGGGCGAG-3'), which is specific for the EGFP 
marker; reverse primer, ß2rev5'Reg; forward primer, ß2for3'Reg. 
2.3.4 Generation of transformation vector pPB[DsRed]UAS-p3 
As the A. gambiae (PEST) putative ß3-tubulin is a multi-codon transcript, containing 
a 20,013 bp first intron it was decided to clone only the coding region. The 1,365 bp 
ß3-tubulin coding sequence was amplified from cDNA by RT-PCR (see materials 
-75- 
Materials and Methods: chapter 2 
and methods 2.6.4), using forward primer, EcoRlforß3, which added an EcoRl site 
upstream of the ß3-tubulin start codon, and reverse primer Xbalrevß3, which added 
an Xbal site downstream of the ß3-tubulin stop codon (Table 2.2). The Ga14 
upstream activation sequence, UAS, and the SV40T terminator sequence were 
isolated from plasmid, pP[UAST] (Brand and Perrimon, 1993), as an Hindlil/BamHI 
cassette and inserted into pSLfall80fa between Hindill and BamHI sites, creating 
pSLfal 180fa-UAS (kindly donated by Dr. E. Wimmer). The EcoRI/Xbal-digested ß3- 
tubulin was inserted between EcoRl and Xbal sites of pSLfal180fa-UAS plasmid. 
The UAS-(33 cassette was excised from this plasmid using restriction enzyme Ascl, 
and inserted into an Ascl cloning site in the plasmid pBac[3xP3-DsRedaf], creating 
the final plasmid pPB[DsRed]UAS-p3 (see results 4.2.2). The orientation of the 
UAS-(33 reporter and DsRed marker cassettes was shown using a series of primers: 
forward primer, DsRedfor; reverse primer, ß3rev4ll (5'-CTGCAGACAGTCGCA- 
GTT-3'), which anneals at position 411 of the 63-tubulin coding sequence; forward 
primer, ß3for781 (5'-TCAACATGGTGCCGTTCC-3'), which anneals at position 781 
of the 83-tubulin coding sequence. 
2.3.5 Generation of transformation vector pPB[DsRed]UAS-EYFP 
The 720 bp reporter gene, enhanced yellow fluorescent protein (EYFP), was 
amplified by PCR from plasmid pEYFP (Invitrogen) using forward primer 
EYFPforXbal, (5'-GGGTCTAGAATGGTGAGCAAGGGCGAG-3'), which added an 
Xbal site (underlined) to the 5' end, and the reverse primer EYFPrevXbal (5'-000T- 
CTAGATTACTTGTACAGCTCGTC-3'), which added an Xbal site to the 3' end. The 
Xbal-digested EYFP was inserted at the Xbal site of pSLfal180fa-UAS, creating 
pSLfaUAS-EYFP. The UAS-EYFP cassette was excised from this plasmid as an 
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Ascl fragment and inserted into an Ascl cloning site in the plasmid pBac[3xP3- 
DsRedaf], creating the final plasmid pPB[DsRed]UAS-EYFP (see results 4.6). The 
orientation of the UAS-EYFP reporter and DsRed marker cassettes was shown 
using a series of primers: forward primer, DsRedfor; reverse primer, EYFPrevXbal; 
forward primer, EYFPforXbal. 
2.3.6 Generation of transformation vector pPB[EGFP]Actin5C-Ga14 
Ga14 and the Hsp70T terminator sequence were isolated from pGaTB as a 
BamHI/Notl cassette and cloned into pSLfa1180fa between BamHl and Notl sites. 
The 2.5 kb Actin5C Drosophila promoter, Actin5C, was isolated from plasmid 
pMiRED (Brown et al., 2003a) as an EcoRI/BamHI fragment. The EcoRI/BamHI- 
digested promoter was inserted into the pSLfal180fa plasmid upstream of the 
Ga14/SV40T terminator cassette, creating pSLfaActin5C-Ga14. The 5.7 kb Actin5C- 
Ga14 cassette was excised from this plasmid using restriction enzyme Ascl, and 
inserted into an Ascl cloning site in the plasmid pBac[3xP3-EGFPafm], creating the 
final plasmid pPB[EGFP]Actin5C-Gal4 (see results 4.6). The orientation of the 
Actin5C-Ga14 reporter and EGFP marker cassettes was shown using a series of 
primers: forward primer, EGFPstart; (5'-ATGGTGAGCAAGGGCGAG-3'), which is 
specific for the EGFP marker; reverse primer, Act5Crevl65 (5'-GTGTTTGGCGAC- 
GATCAG-3'), which anneals at position 165 of the 2.5 kb D. melanogaster Actin5C 
promoter; forward primer, Gal4for1952 (5'-CAATCCCATTAC-CGCATATC-3'), which 
anneals at position 1952 of the 2.9 kb Ga/4 coding sequence. 
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2.4 Cell culture maintenance and nucleic acid transfection 
2.4.1 Cell line 
The A. gambiae Suakoko 4 (Sua 4.0) cell line, made from minced neonate A. 
gambiae larvae (within 1h of hatching) by Hans Michael Müller (Müller et al., 1999), 
was used for all in vitro work in this study. 
2.4.2 Cell culture procedures 
Sua 4.0 cells were grown in 7 mL of filter-sterilised (0.2 µm pore size, Nalgene®) 
Schneider's Drosophila medium (GibcoTM) supplemented with 10% heat-inactivated 
(1 h at 65 °C) foetal calf serum (FCS) [v/v] (Harlan Sera-Lab), 100 U/mL penicillin 
and 100 µg/ml- streptomycin (GibcoTM), in 25 cm2 tissue culture flasks (Orange 
Scientific) in a 25 °C incubator. Cells were passaged every 2-3 days to prevent 
overgrowing and maintain exponential growth. Cells were washed and split (1: 3 and 
1: 10) when confluent. 
2.4.3 Nucleic acid transfection 
Transfection experiments on the Sua 4.0 cell line were performed using the 
Effectene® Transfection Reagent (Qiagen), a non-liposomal lipid formulation. 
Effectene spontaneously forms micelle structures and is able to coat DNA in order to 
transfer to cells. DNA is first condensed by interaction with the enhancer in DNA 
condensation buffer and the Effectene is added to produce condensed DNA- 
Effectene complexes, which are mixed with medium and added to the cells. 
For transfection experiments, 3x 105 Sua 4.0 cells/mL were plated in 
Schneider's medium supplemented with 10% FCS [v/v] and antibiotics and allowed 
to settle for 24 h. A total of 2 µg plasmid DNA was added to Buffer EC (Qiagen) in a 
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volume of 135 NL. A volume of 7.2 pL Enhancer (Qiagen) was added followed by 
22.5 pL Effectene Reagent (Qiagen), and the solution incubated at room 
temperature for 10 min to allow transfection-complex formation. A total of 500 pL 
complete medium was gently mixed to the transfection-complex mixture. This 
mixture was then added to Sua 4.0 cells from which normal growth medium had 
been removed, and 500 pL fresh complete medium added. After incubating for 6h 
at 25 °C, the cells were washed 3 times in medium and 1 mL of fresh medium was 
added and the cells incubated in a 25 °C incubator for 48-72 h. 
As a control for transfection efficiency, cells were transfected with pMinEYFP 
(Appendix I, e) where EYFP is driven by the D. melanogaster Actin5C promoter. 
When testing the functionality of the Gal4/UAS system, cells were transfected with 
pSLfaActin5C-Gal4 and pSLfaUAS-EYFP or pPB[EGFP]Actin5C-Gal4 (see results 
4.6) and pPB[DsRed]UAS-EYFP (see results 4.6). The cells were then examined 
on a Nikon inverted microscope (Eclipse T200) at an excitation wavelength of 488 
nm to detect EYFP expression (Nikon filter block B-2A). 
2.4.4 Extraction of RNA from A. gambiae Sua 4.0 cells 
To extract RNA from cell lines, Sua 4.0 cells were plated at 3x 105 cells/well in 24 
well plates. Cells were washed in 1 mL of 1x PBS [pH 8.0] prior to being gently 
removed from the well surface with 100 pL/well Trypsin-EDTA Solution (Sigma) at 
37 °C for 10 min. Cells were transferred to microfuge tubes and harvested by 
centrifugation at 10,000 xg for 1 min, and washed again with 1 mL of 1x PBS [pH 
8.0] to remove residual Trypsin-EDTA. Cells were pelleted and resuspended in 100 
pL TRI Reagent (Helena Biosciences) to extract total cellular RNA as described in 
materials and methods 2.6.2 and RT-PCR performed as outlined in materials and 
methods 2.6.4. 
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2.4.5 Extraction of Protein from A. gambiae Sua 4.0 cells 
Following transfection, cells were treated exactly as described in materials and 
methods 2.4.4, except cells were resuspended in 100 pL of Protein Extraction Buffer 
(1 x PBS [pH 8.0], containing 1x complete protease inhibitor, (Roche Molecular 
Biochemicals)) and immunoblot performed as described in materials and methods 
2.7.4. 
2.5 Mosquito Procedures 
2.5.1 Mosquito breeding and rearing 
A. stephensi Liston (str. sd500) and A. gambiae (KWA) adult mosquitoes were 
maintained at 28 °C, 70% humidity in a 12 h light: 12 h dark cycle and fed on 5% 
glucose [w/v]. Egg production was induced by starving 3-5 day old female 
mosquitoes for a few hours and then allowing them to feed on anaesthetized mice 
(str. TO). Approximately 2 days after blood feeding, eggs were laid on a funnel of 
filter paper immersed in dH2O and after hatching, larvae were transferred into trays 
with dH2O containing 0.1% Pond Guardian Tonic salt [w/v] (Interpet). Larvae were 
grown at 25 °C, 70% humidity and fed on fish food pellets. After 10-12 days, pupae 
were collected and adult mosquitoes allowed to emerge in cages. 
When generating transgenic A. stephensi lines, virgin adults were collected 
by separating individual pupa into 15 mL polypropylene tubes and allowing them to 
emerge in isolation. Batches of virgin females were pooled and crossed with 
batches of test males at a density of 3-4 virgin females per test male. Similarly, 
batches of virgin males were pooled and crossed with batches of test females at a 
density of 2 virgin males per test female. Female mosquitoes usually mate only 
once in their lifetime with sufficient sperm for multiple gonotrophic cycles stored 
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within their spermatheca. This was shown by Craig (1967) who identified "matrone" 
in seminal fluid that makes females unlikely to accept sperm from a second male. 
Consequently females can be mated in groups, yet the progeny of each female 
comes effectively from a single mating. One feature of this is that females can be 
separated after mating en masse and allowed to lay multiple batches of eggs in 
isolation. However, it must be noted that some Anopheles females will accept 
sperm from more than one male in the field (Tripet et al., 2003, see table 3 showing 
examples of multiple matings in both laboratory and field studies). 
To induce oviposition, gravid females were cold-anaesthetised and placed 
underneath an inverted 50 mm petri dish in direct contact with moist 
chromatography paper. Immediately after oviposition, the female mosquito was kept 
in isolation and the eggs laid on the paper were allowed to hatch in dH2O. 
2.5.2 Microinjection of A. stephensi mosquito embryos 
Blood-fed female A. stephensi mosquitoes were forced to lay eggs 48-72 h post 
blood meal. Eggs were laid on a petri dish containing 3MM paper soaked in a 0.1 
mM p-nitrophenyl p'-g uanidinobenzoate (pNpGB) (Sigma-Aldrich) solution. The 
benzoate was dissolved in isotonic buffer (150 mM NaCl, 4.9 mM KCI, 10.7 mM 
Hepes, 2.4 mM CaCI2, pH 7.2). Eggs were left in the benzoate solution until 
injection. 
Injections were performed 90-120 min after oviposition. Generating 
pPB[DsRed]p2-EGFP, pPB[EGFP]ß2-Gal4 and pPB[DsRed]UAS-ß3 transgenic 
lines, approximately 20 embryos were placed on a glass slide covered with isotonic 
buffer-moistened filter paper. The eggs were aligned with their posterior poles 
orientated towards the inner part of the glass slide. Excess buffer was removed, 
and embryos immediately transferred, by applying gentle pressure, to another slide 
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onto which a strip of double-sided adhesive tape had been placed at one end. 
Consequently, the posterior pole of the embryo was now orientated towards the 
outside of the slide. The embryos were covered with halocarbon oil saturated with 
isotonic buffer to prevent further desiccation prior to microinjection. A second 
aligning protocol was used when generating pPB[DsRed]ß2-EGFPs, 
pPB[DsRed]UAS-EYFP and pPB[EGFP]Actin5C-Ga14 transgenic lines. 
Approximately 30 embryos were arranged in a line on a glass slide where the 
posterior pole of one egg followed the anterior pole of an adjacent egg. The eggs 
were aligned against a piece of thick chromatography paper moistened with isotonic 
buffer that had been cut at a 45 ° angle relative to the glass slide. Prior to injection, 
eggs and chromatography paper were covered further with isotonic buffer to prevent 
desiccation. 
Microloader tips (Eppendorf) were used to load 2 pL of nucleic acid solution 
containing 100 µg/ml- of helper transposase plasmid and 400 µg/mL of 
transformation plasmid, into glass needles (Eppendorf Femtotips®). All nucleic acid 
solutions for injection had been resuspended in injection buffer (5 mM KCI, 0.5 mM 
sodium phosphate, pH 6.8) and centrifuged for 1 min to precipitate debris prior to 
loading into Femtotip injection needles. For all piggyBac-mediated stable-line 
transformation experiments, WT A. stephensi embryos were injected with the helper 
plasmid phsp-pBac (Handler and Harrell, 1999). The helper plasmid contained the 
intronless piggyBac transposase gene necessary for piggyBac mobilisation, under 
the transcriptional control of the inducible heat shock protein 70 (hsp70) promoter of 
D. melanogaster. 
Loaded injection needles were connected to a microinjector (Eppendorf 
Femtojet) that was manually controlled. Microinjections were performed using a 
Narishige NT-88NE 3-dimensional micromanipulator at 100 x magnification on a 
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Nikon Diaphot microscope. The needle was introduced into the posterior pole of the 
embryo at a 15° angle. Regulation of injection pressure ([pi]=680 hPa; 
compensation pressure [pc]=184 hPa) and time (0.1 s) controlled the injected 
volume. Following injection, embryos were gently removed from the glass slide with 
a fine paintbrush and transferred to a concertina of chromatography paper in a petri 
dish filled with isotonic buffer. Where necessary, excess halocarbon oil was 
removed from the egg prior to transfer onto chromatography paper. Embryos were 
transferred back to an insectory and hatched larvae collected immediately. 
2.5.3 Transient injections of A. stephensi mosquito embryos 
Transient injections of WT A. stephensi embryos were performed to analyse the 
suitability of EYFP as a marker and to test the functionality of the Gal4/UAS system 
in a transient setting. The injection procedure is identical to that used for generating 
piggyBac-mediated stable-line transformation except the helper plasmid, phsp-pBac, 
was not added to the DNA injection mix. For testing the suitability of EYFP as a 
marker, embryos were injected with a mixture of pMinEYFP (400 µg/mL) and the 
control plasmid, pMiRED (400 µg/mL), where DsRed is driven by the D. 
melanogaster Actin5C promoter. When testing the functionality of the Gal4/UAS 
system, WT embryos were injected with a mixture of pSLfaActin5C-Ga14 (400 
µg/mL), pSLfaUAS-EYFP (400 µg/mL) and the control plasmid, pMiRED (400 
µg/mL). 
2.5.4 Monitoring EGFP, EYFP and DsRed expression in A. stephensi 
mosquitoes 
Early larvae (1St instar), late larvae (4th instar), and pupae were transferred onto 
multi-well microscope slides (ICN°) with a density of one individual per well and then 
-83- 
Materials and Methods: chapter 2 
placed on ice to reduce their rapid movement. Adults were collected and 
anesthetized at -20 °C for 5 min prior to their heads being removed using dissecting 
needles. Headless adults were placed onto multi-well microscope slides (ICN°) with 
a small amount of isotonic buffer to prevent desiccation. Mosquitoes were analysed 
on a Nikon inverted microscope (Eclipse TE200) at a wavelength of 488 nm to 
detect EGFP and EYFP expression (Filter B-2A) or 563 nm (Filter G-2A) to detect 
DsRed expression. Digital images of the developmental stages of the mosquito 
were captured on a Nikon DXM1200 digital camera attached to the microscope. 
2.5.5 Manual sorting of 62-EGFP positive larvae 
Fourth instar larvae from pPB[DsRed]ß2-EGFP lines were scored either positive or 
negative for green fluorescence, as previously described. A portion of newly 
hatched second generation (G2) larvae was grown in buckets with approximately 
250 individuals in each bucket. All larvae were first screened for their fluorescence 
phenotype 7 days post-hatching. Larvae exhibiting two green fluorescent ovoid 
structures in their 6th abdominal segment, corresponding to the developing male 
genitalia, were separated and placed in fresh buckets. Negative larvae were 
screened daily from this point, and all positive individuals again separated. Newly 
emerged adults were anaesthetized on ice for 5 min, and their sex determined using 
a dissecting microscope. 
2.5.6 Automated sorting with the COPAST` XL BioSortertm machine 
To determine if 62-EGFP positive larvae could be distinguished from WT and /32- 
EGFP negative larvae in an automated manner, the Complex Object Parametric 
Analyzer and Sorter (COPASTM) XL BioSorterTM instrument from Union Biometrica 
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(http: //www. unionbio. com/) was used. Essentially, the COPASTM BioSorterTM 
instruments provide flow cytometry for objects that are too large for traditional 
cytometers and offer an alternative to manual sorting. These systems sort and 
dispense objects based on size and fluorescence parameters with the potential of 
increased speed, sensitivity, quantification and repeatability of experiments. Briefly, 
objects flow from a continuously mixed sample cup to a pre-analysis chamber, 
where the sample is focused into the centre of the flow stream. Objects then pass 
through the flow cell where four optical parameters are measured for each organism 
using two lasers. The real-time analysis of these measured parameters are used to 
make sort decisions. Objects that satisfied the sort criteria were dispensed into a 
collection chamber. Objects that did not satisfy the sort criteria were sorted to a 
second chamber by a gentle puff of air (http: //www. unionbio. com/). All samples 
were recovered and larvae analysed manually to ensue accurate automated sorting 
had occurred. 
A mixed population of A. stephensi 4th instar larvae, containing male and 
female transgenic individuals from lines p2-egfp-C1 and ß2-egfp-C5 (containing 
multiple and single insertions, respectively) and a small number of WT larvae, was 
analysed using the COPASTM XL instrument as described above. 
2.5.7 Testes and spermatheca dissections 
For determining EGFP presence in testes and investigating the competitiveness of 
transgenic pPB[DsRed]ß2-EGFP males, test adults were collected and anesthetized 
at -20 °C for 5 min prior to their heads being removed using dissecting needles. 
Headless adults were placed in a small amount of isotonic buffer to prevent 
desiccation as previously described. Testes and spermatheca were dissected by 
placing one needle into the thorax and pulling with a second needle placed in the 
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terminal abdominal segment of the adult. Dissected testes and spermatheca were 
then analysed for EGFP expression (see materials and methods 2.5.4). 
2.5.8 Transgenic X62-EGFP male mate-choice experiments 
To investigate the competitiveness of the pPB[DsRed]p2-EGFP transgenic males, 
laboratory caged experiments were set up. A total of 25 virgin WT A. stephensi 
females were mated to groups of 10 newly-emerged transgenic and WT males in 
ratios of 0ß2: 10WT, 2ß2: 8WT, 4132: 6WT, 6ß2: 4WT, 8ß2: 2WT and 10ß2: OWT. 
Spermathecae of females from each group were dissected following 8-10 days 
group mating and spermathecae analysed for EGFP expression (see materials and 
methods 2.5.4). 
2.5.9 Mosquito DNA extraction 
To obtain DNA for Southern blotting and PCR analysis, a total of 5 female adult 
mosquitoes were homogenized with a pestle in 250 pL of Extraction Buffer (80 mM 
NaCl, 8.5 mM EDTA [pH 8.0], 24 mM Tris-HCI [pH7.5], 0.5% SDS [w/v], 5.5% 
sucrose [w/v]), and incubated at 65 °C for 15 min. The homogenate was treated 
with RNase A (100 µg/mL) for 45 min at 37 °C. After incubation, a total of 2 pL 
Proteinase K (20 mg/mL, Roche Molecular Biochemicals) was added (final 
concentration of 200 µg/mL) and incubated at 65 °C for 1 h. Protein precipitation 
was performed by adding 7 pL 8M potassium acetate followed by incubation on ice 
for at least 30 min. DNA was ethanol precipitated from the supernatant and 
resuspended in 40 pL ddH2O. An aliquot of the genomic DNA was run on a 0.8% 
agarose gel [w/v] to ensure no shearing of the DNA had occurred. 
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2.5.10 Southern blot analyses 
Southern blot analyses were performed in order to characterize the transgenic A. 
stephensi lines at the molecular level. In each case, genomic DNA (2 µg) was 
digested overnight at 37 °C with the appropriate enzyme (10 U of restriction 
enzyme/µg of DNA), in the presence of the correct restriction enzyme buffer. 
Digested genomic DNA was separated on a 0.8% agarose gel [w/v] and 
photographed. The gel was depurinated by exposure to UV at 312 nm for 2 min, 
and treated with alkaline denaturation buffer (0.5 M NaOH, 1M NaCl) twice for 20 
minutes. The DNA in the gel was transferred for 6-8 h to a HybondTM-N+ charged 
nylon membrane (Amersham) using denaturation buffer. The membrane was 
neutralised in 3x SSC (from a 20 x SSC stock; 3M NaCl, 0.3 M sodium acetate) for 
5 min and then UV cross-linked for 1 min (1500 J/cm3). The membrane was 
incubated with 25 mL of prehybridisation buffer (for 100 mL: 50 mL 0.5 M Na2HPO4 
[pH 7.2], 35 mL 20% SDS [w/v], 200 pL 0.5 M EDTA, 10 mL 10% BSA [w/v]) at 55 
°C for 2 h. The prehybridisation buffer was then replaced with fresh buffer 
supplemented with 50 pL of the denatured 32P-dATP-labelled probe and 
hybridization was performed overnight at 55 °C. 
After probe hybridization, the membrane was washed in two consecutive 
steps, first with a3x SSC, 0.5% SDS [w/v] solution at 50 °C, followed by a1x SSC, 
0.5% SDS [w/v] solution at 50 °C. Filters were then exposed to Fuji Medical X-Ray 
films in an Ilford Fast Tungstate screen at -80 °C. 
-87- 
Materials and Methods: chapter 2 
2.6 RNA Procedures and Expression Work 
2.6.1 Preparation of reagents and equipment for RNA work 
All material and solutions used for RNA work (RNA extraction and RT-PCR) were 
treated with di-ethyl-pyro-carbonate (DEPC) in order to inactivate RNAses. DEPC 
was added to all the solutions at a final concentration of 0.1 % [v/v]. The solutions 
were then incubated at 37 °C overnight and autoclaved (121 °C for 15 min). 
General plasticware (pipette tips, eppendorf tubes, pestles etc) was soaked in a 
solution of 0.1% DEPC [v/v] overnight and autoclaved (134 °C for 3 min 15 s). Gel 
electrophoresis tanks were soaked in 0.1 % SDS [w/v] and 0.1 % NaOH [w/v] in dH2O 
for 3-4 h, and then rinsed thoroughly using DEPC-ddH2O. 
2.6.2 RNA extraction from A. gambiae mosquitoes for RT-PCR 
Total RNA was extracted from A. gambiae (KWA) early larvae (1st instar), late larvae 
(4th instar), male pupae and male adults. The RNA was used as a template for 
cDNA synthesis for RT-PCR in order to isolate and monitor ß2- and ß3-tubulin 
expression in A. gambiae. RNA extraction was performed following the TRI 
Reagent RNA Isolation procedure (Helena BioSciences). Briefly, samples were 
homogenized in 1 mL of TRI-reagent, which combines phenol and guanidine 
thiocyanate in a mono-phase solution to facilitate effective inhibition of RNase 
activity. The samples were then allowed to stand at room temperature for 5 min and 
then centrifuged at 10,000 xg for 10 min at 4 °C in order to remove the majority of 
the exoskeletal debris. The supernatant was transferred to a new tube and 0.2 mL 
of chloroform was added for phase separation. The tubes were shaken vigorously 
and allowed to stand at room temperature for 15 min, prior to being centrifuged at 
10,000 xg for 15 min at 4 °C. 
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The aqueous phase, containing the total RNA, was isolated and the RNA 
precipitated with 0.5 mL of isopropanol. Samples were stored at room temperature 
for 10 min and then centrifuged at 10,000 xg for 10 min. The RNA pellet was then 
washed with 0.5 mL of 75% ethanol [v/v], centrifuged again, and pellets air-dried. 
The samples were resuspended in 40 pL of DEPC-ddH2O. The integrity and 
quantity of RNA was analysed on a1% agarose gel [w/v] as well as 
spectrophotometrically. RNA yields were in the range of 2-5 µg per whole mosquito. 
Samples were stored at -80 °C. 
2.6.3 cDNA synthesis for RT-PCR 
The SuperScriptTM First-Strand Synthesis System (Invitrogen) was used for first- 
strand cDNA synthesis using oligo d(T)12_18 primers following the manufacturer's 
instructions. DNase I was first added to total RNA before its conversion into cDNA 
to remove contaminating genomic DNA. DNase treatment involved RQ1 RNase- 
free DNase 1 (1 U/µg RNA, Promega), 1x DNase buffer (40 mM Tris-HCI [pH 8.0], 
10 mM MgSO4,10 mM CaCl2) and 2 µg RNA, in a total volume of 20 pL at 37 °C for 
1 h. The reaction was terminated by adding 2 pL RQ1 DNase Stop Solution (20 mM 
EGTA [pH 8.0]) and heating at 65 °C for 10 min. A total of 0.4 mM each of dATP, 
dCTP, dGTP and dTTP and 1 µg oligo d(T)12_18 primer were added and incubated at 
65 °C for 5 min to denature the RNA and then on ice for 1 min. Samples were then 
split into 2 (for -RT and +RT) and 1x RT buffer (20 mM Tris-HCI [pH 8.4], 50 mM 
KCI), 2.5 mM MgCI2,0.01 M DDT and 40 U RNaseOUTTM Recombinant RNase 
Inhibitor were added. Each sample was incubated at 42 °C for 2 min followed by the 
addition of 50 U SuperScriptTM II reverse transcriptase to 1 tube per sample (+RT). 
The reaction was then incubated for a further 50 min at 42 °C. The reaction was 
terminated at 70 °C for 15 min and chilled on ice and 1U RNase H (Invitrogen) 
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added and the reactions incubated at 37 °C for 20 min to digest the RNA from the 
RNA/cDNA hybrids. 
2.6.4 RT-PCR reactions 
RT-PCR was used for detection of A. gambiae (KWA) ß2-tubulin and ß3-tubulin 
transcripts with the aim to isolate and sequence. Standard RT-PCR was performed 
in a 25 pL volume containing 1 pL cDNA template, 1x PCR buffer, 0.2 mM each of 
dATP, dCTP, dGTP, dTTP, 2.5 mM MgCI2,0.25 U Taq polymerase (Roche 
Molecular Biochemicals) and 25 pmol of each primer. The cycle conditions included 
an initial denaturation step of 5 min at 95 °C, followed by 40 cycles of 95 °C for 1 
min, 53 °C for 30 s and 72 °C for 1 min, with a final elongation step of 72 °C for 10 
min. The transcript expression profile of the A. gambiae ß2-tubulin gene was 
obtained using primers ß25'RegF1986 and ß23'RegR9. The transcript expression 
profile of the A. gambiae ß3-tubulin gene was obtained using primers EcoRlforß3 
and Xbalrevß3. For all A. gambiae templates, RT-PCR efficiency was performed 
with primers S7for and S7rev, which amplify the housekeeping S7 ribosomal gene 
(Table 2.2). 
Table 2.2. RT-PCR primers, part I 
Primer name Primer Sequence 
ß25'RegF1986 5'-CAGTTTCGAAAATGCGTG-3' 
ß23'RegR9 5'-GCTTTAGTTTCAGTCTTCC-3' 
EcoRlforß3 5'-GGGGAATTCATGAGAGAAATCGTGCACC-3' 
Xbalrevß3 5'-CCCTCTAGATCAAACGCACTCGCCCTC-3' 
S7for 5'-GGCGATCATCATCTACGTGC-3' 
S7rev 5'-GTAGCTGCTGCAAACTTCGG-3' 
The name and sequence of primers used during RT-PCR are shown. The EcoRl and Xbal sites 
introduced by primers EcoRlforß3 and XbalrevI33, respectively, are underlined. 
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2.7 Ga14/UAS Procedures 
2.7.1 Ga14/UAS test crosses 
Laboratory caged experiments were set up to examine the functionality of the 
Gal4/UAS system. For all test crosses, a total of 15 virgin transgenic females were 
mated to groups of 15 newly emerged transgenic males, and females blood-fed 
following 5 days group mating. The progeny from test crosses were analysed for a 
combination of EGFP, EYFP and DsRed expression profiles (see materials and 
methods 2.5.4). Three different transgenic test cross groups were performed: 
1) pPB[EGFP](32-Ga14 (C1, C2,162) and pPB[DsRed]UAS-ß3 (30,, 303,305), 
2) pPB[EGFP](32-GaI4 (C1, C21162) and pPB[DsRed]UAS-EYFP (C1,121,261), 
3) pPB[EGFP]Actin5C-Ga14 (471,473) and pPB[DsRed]UAS-EYFP (C1, l21,261). 
2.7.2 Mosquito protein extraction 
To investigate Ga14 expression in pPB[EGFP](32-Gal4 transgenic lines, the terminal 
segments of 15 WT A. stephensi adult male mosquitoes and transgenic lines 
pPB[DsRed]ß2-EGFP (Cl, control) and pPB[EGFP]ß2-Gal4 (C1,162) were dissected 
and homogenized with a pestle in 100 pL of Protein Extraction Buffer (1 x PBS [pH 
8.0], containing 1x complete protease inhibitor, (Roche Molecular Biochemicals)). 
To investigate Ga14 expression in pPB[EGFP]Actin5C-Ga14 transgenic lines, 5 WT 
A. stephensi adult female mosquitoes and females from transgenic lines 
pMinActin5C-EGFP (control, MI-10, T Nolan Thesis, 2003) and pPB[EGFP]Actin5C- 
Ga14 (471,473) were homogenized in 100 pL Protein extraction Buffer as described 
above. 
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2.7.3 SDS-PAGE protein analysis 
One-dimensional (1-D) sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) was used to characterise Ga14 expression from pPB[EGFP]ß2-Gal4 
and pPB[EGFP]Actin5C-Gal4 transgenic lines. The instructions for electrophoresis 
of NuPAGE® Novex Bis-Tris Gels using the XCell SureLockTM Mini-Cell (Invitrogen) 
were used throughout. Briefly, protein samples were denatured with the addition of 
4x NuPAGE® LDS Sample Buffer (Invitrogen) and 10 x NuPAGE® Reducing Agent 
(Invitrogen) in a final volume of 10 NL. Samples were then incubated at 70 °C for 10 
min and loaded onto a NuPAGE® Novex Bis-Tris Gel (Invitrogen, 8-14%). Proteins 
were separated at 200 V in 1x NuPAGE® SDS Running Buffer (for 1 L: 50 mL 20 x 
NuPAGE® MES buffer (Invitrogen), 950 mL dH2O). Molecular weight standards 
were purchased from Invitrogen (Benchmark 
TM Pre-Stained Molecular Weight 
Standard [10-190 kDa]) and used alongside protein samples to estimate the size of 
separated polypeptides. On completion, gels containing separated proteins were 
either permanently stained and archived (see materials and methods 2.7.5) or used 
for immunoblot analysis. 
2.7.4 Immunoblot analysis 
Following separation by 1-D SDS-PAGE, proteins were electroblotted onto a 
nibrocellulose membrane (blotting buffer: 25 mM Tris-HCI, 192 mM glycine, 0.01% 
SDS [w/v], 20% methanol [v/v]) using a semi-dry transfer unit (Hoefer) run at 20 V 
for 30 min. Successful transfer was confirmed using a reversible protein stain (see 
materials and methods 2.7.5) before membranes were blocked for 1 hr at room 
temperature or overnight at 4 °C in 2x TBST (Tris-buffered saline Tween-20) (20 
mM Tris-HCI [pH 8.0], 300 mM NaCl, 0.1 % Tween-20 [v/v]) containing 2% BSA [w/v] 
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(Sigma-Aldrich) and 3% dry milk [w/v]. Membranes were then probed using the 
appropriate primary monoclonal antibody (mAb) diluted in the same blocking 
solution for 1 hr at room temperature. To detect Ga14, the anti-Ga14 (DBD 1-147) 
mAb (Santa Cruz Biotechnology) was used at a final concentration of 500 ng/mL 
(determined empirically); to detect EGFP, an antibody, Aequorea victoria GFP mAb 
(A. v. GFP mAb), which recognises GFP and its enhanced colour variants: ECFP, 
EGFP and EYFP (Clontech Laboratories) was used at a dilution of 1: 4,000 
according to the manufacturer's instructions. A total of 5 pL of total mosquito protein 
extract was used throughout. As a control for the anti-Ga14 (DBD 1-147) mAb, 
purified Ga14 (DBD 1-147) (Santa Cruz Biotechnology) was run alongside mosquito 
protein extracts at a 1: 1,000 dilution (determined empirically). As a loading control, 
and as a control for the A. v. GFP mAB, 5 pL of total mosquito protein extract from 
either p2-egfp-C, or actin5C-egfp-ML10 were also loaded. 
After washing with 2x TBST, bound antibodies were detected using goat 
anti-mouse horseradish peroxidise-conjugated secondary antibody (Jackson 
Immunoresearch Laboratories, Pennsylvania). The secondary antibody was used at 
a dilution of 1: 6,000 (also determined empirically). Following a further round of 
washing with 2x TBST, peroxidise activity was revealed by the enhanced 
chemiluminescence (ECL) detection system according to the manufacturer's 
instructions (ECL plus, Amersham Pharmacia) and exposure to high performance 
chemiluminescence film (HypefiImTM ECL, Amersham Bioscences). 
2.7.5 Protein staining 
Proteins separated by 1-D SDS-PAGE were visualised using one of two stains, 
coomassie brillant-blue (permanent stain) or Ponceau S (reversible stain). For 
coomassie brilliant-blue staining, polyacrylamide gels containing separated proteins 
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were incubated with coomassie brilliant-blue stain (0.05% coomassie brilliant-blue 
R-250 [w/v], 50% methanol [v/v], 10% glacial acetic acid [v/v]) for 45 min. Gels were 
then destained with a solution of 30% methanol [v/v] and 10% acetic acid [v/v] for 1 
h before vacuum drying and photographed digitally. For Ponceau S staining, 
nitrocellulose membranes were incubated with Ponceau S stain (0.2% Ponceau S 
(3-hydroxy-4-[2-sulfo-4(sulfo-phenylazo]-2,7-naphthalene disulfonic acid) [w/v] in 3% 
trichloroacetic acid [v/v], 3% sulfosalicyclic acid [v/v]) for 1 min and then destained 
with 2x TBST for 30 min. 
2.7.6 PCR analysis of Gal4 from Genomic DNA 
To ensure that the 62-GaI4 and Actin5C-Gal4 junctions were intact, and that the 
Gal4 DNA-binding domain (DBD) (aa 1-147, bp 1-441) was present, PCR was 
performed on genomic DNA. For the ß2-Gal4 junction, PCR was performed on 
transgenic lines pPB[EGFP]p2-Gal4 (C1,162) with primers 5'ß2for1878 (5'-GTACCC- 
AGTAGGAATCG-3') and Gal4rev698 (5'-GGATGTTGTGGATCTAG-3') to amplify a 
853 bp fragment containing 130 bp of the ß2-tubulin 5'-regulatory region and 698 bp 
of the Ga14 sequence. For the Actin5C-Gal4 junction, PCR was performed on 
transgenic lines pPB[EGFP]Actin5C-Gal4 (47,, 473) with primers Act5Cfor2139 (5'- 
CACCGTGACCATCACAG-3') and Gal4rev723 to amplify a 1.2 kb fragment 
containing 523 bp of the Actin5C promoter and 723 bp of the Ga14 sequence. Both 
fragments were cloned into the pGEM®-T Easy Vector (see materials and methods 
2.2.3) and sequenced (see materials and methods 2.2.10). 
To ensure that the remainder of the Ga14 cassette was present in all Gal4- 
containing lines, PCR was performed with the following primer pairs: Gal4for675 (5'- 
GACCATGATTACGGATAG-3') and Gal4rev1822 (5'-GTGCGGTCTCGTTATTCTC- 
3') to amplify a 1,147 bp Ga14 fragment spanning positions 675 and 1,822; 
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Gal4for1775 (5'-CCCATAAAGACTCTACTCTC-3') and Gal4rev2889 (5'-GCTTCTG- 
AATAAGCCCTCG-3') to amplify a 1,124 bp fragment spanning positions 1,775 and 
2,889. 
2.7.7 RT-PCR analysis of Ga/4 transcripts 
RT-PCR was used for detection of Ga/4 transcripts using standard RT-PCR as 
previously described (see materials and methods 2.6.4). RT-PCR was performed 
on cDNA synthesised from WT male and female A. stephensi mosquitoes, and 
transgenic lines (32-egfp-C,, (32-gaI4-C,, (32-gaI4-162, actin5C-egfp-ML10, actin5C- 
gal4-471 and actin5C-gal4-473. As a control for the presence of Ga/4 transcripts, 
RT-PCR was also performed on cDNA synthesised from un-transfected Sua 4.0 
cells, cells transfected with plasmid pMinEYFP, and cells co-transfected with 
plasmids pSLfaActin5C-Gal4 and pSLfaUAS-EYFP. For all samples, 
standardisation was performed with primers S7for and S7rev. To demonstrate the 
activity of the ß2-tubulin regulatory regions and the Actin5C promoter, RT-PCR was 
also performed with EGFP-specific primers, EGFPstart and EGFPstop. For Ga14 
RT-PCR reactions, primers included: Gal4for3, Gal4for2104, Gal4rev692, 
Gal4rev2590 (Table 2.3). 
Table 2.3. RT-PCR primers, part 2 
Primer name Primer Sequence 
S7for 5'-GGCGATCATCATCTACGTGC-3' 
S7rev 5'-GTAGCTGCTGCAAACTTCGG-3' 
EGFPstart 5'-ATGGTGAGCAAGGGCGAG-3' 
EG FPstop 5'-TTACTTGTACAGCTCGTC-3' 
Gal4for3 5'-GAAGCTACTGTCTTCTATCG-3' 
Gal4rev692 5'-CTATCCGTAATCATGGTC-3' 
Gal4for2104 5'-CCTTCACCTGTGCCATTG-3' 
Gal4rev2590 5'-CATCATCCATTGTAGTGG-3' 
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3.1 Bioinformatics Approach to Identify Orthologues of the D. 
melanogaster ß-Tubulin Genes in A. gambiae 
Initial studies by Kemphues et al. (1979,1980) demonstrated that D. melanogaster 
ß2-tubulin (Dmß2tub) was only expressed in male flies, and was the principal fl- 
tubulin component of the mature motile axoneme of sperm. Later studies showed 
that the 82-tubulin isoform was required for male fertility, but not for viability or 
female fertility, and in male flies where Dmf32tub was deleted, spermatogenesis 
failed (Kemphues et al., 1982,1983). Hoyle and Raff (1990) showed that male 
sterility was conferred when Dmß3tub comprised more than 20% of the total tubulin 
pool in post-mitotic germ cells, when expressed in a Dmß2tub pattern. Importantly, 
Dmf33tub over-expression was more than 3 times more efficient when regulated by 
the Dmß2tub upstream (5') and downstream (3') regulatory regions, when compared 
to Dmß2tub 5'-regulatory region coupled with the Dmß3tub 3'-regulatory region 
(Hoyle et al. 1995). 
Owing to the tissue- and sex-specificity conferred by the Dmf32tub regulatory 
regions on the Dm132tub gene, it was envisaged that the 5'- and 3'-regulatory 
regions of an A. gambiae /32-tubulin gene orthologue (Ag/32tub) would be ideal 
candidates to drive the expression of reporter and sterility genes in a male- and 
testis-specific manner. In an effort to isolate the A. gambiae Agß2tub regulatory 
regions, the ß-tubulin families of D. melanogaster and A. gambiae (str. PEST) were 
searched by homology analysis with the D. melanogaster ß-tubulin gene family. The 
D. melanogaster ßl-tubulin (Dmßltub) (accession number NP_523795), Dm/32tub 
(NP_524290) and Dm/33tub (NP_523842) genes were identified in an NCBI 
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(National Centre for Biotechnology Information) BLAST (Basic Local Alignment 
Search Tool) search of the published genome sequence of D. melanogaster, 
available on PubMed (http: //www. ncbi. nlm. nih. gov/). These Drosophila sequences 
were then used in an NCBI BLAST search of the recently published A. gambiae 
(PEST) genome sequence (Holt et al., 2002), to identify potential %-tubulin 
orthologues. An orthologue of each of the D. melanogaster /3-tubulins was 
identified: ß1-tubulin (Agßl tub) (EAA05547), Ag132tub (EAA10161), and ß3-tubulin 
(Agf33tub) (EAA09971). Multiple sequence alignments were performed between the 
nucleotide and polypeptide sequences of the two ß-tubulin gene families using 
ClustaiW (http: //align. genome. jp/), and the percentage sequence identity calculated 
and summarised in table 3.1 and table 3.2. 
The sequence identity data indicated that the fl-tubulins from D. 
melanogaster was more closely related to each other (on average 91 % amino acid: 
82% nucleotide sequence identity) than the ß-tubulins from A. gambiae (PEST) (on 
average 86% amino acid: 80% nucleotide sequence identity) (Table 3.1). Among 
the Drosophila /3-tubulins, 81- and ß2-tubulin had 95% similarity in amino acid 
sequence, while 63-tubulin, a slightly more divergent protein, shared between 87- 
90% similarity to the other two Drosophila isoforms. The A. gambiae f3-tubulins also 
had very similar sequence identity between each other. At the amino acid level, the 
different orthologues were also very closely related between species (ßls = 96%; 
ß2s = 91%; (33S = 95% identity) (Table 3.2). This cross-species conservation has 
also been shown for vertebrate ß-tubulin orthologues, which are conserved in 
structure and have similar expression profiles (Sullivan and Cleveland, 1986). 
The ClustalW polypeptide alignment was imported into BOXSHADE 3.21 
(http: //www. ch. embnet. org/) for boxshade representation (Figure 3.1). Figure 3.1 
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shows that the ß2- and 83-tubulin orthologues are identical in size, 446 as and 454 
aa, respectively. The ßl-tubulin orthologues are also very similar in size although 
their N-terminal regions are highly divergent. Remarkably, excluding the initial 
methionine (M), not a single amino acid was identical in the first 28 as and 24 as of 
the N-terminal region between the ßl-tubulin orthologues of D. melanogaster and A. 
gambiae (PEST), respectively. A feature that is unique to the ß3-tubulin isoform of 
both D. melanogaster and A. gambiae is the presence of an additional 6 as following 
amino acid 56 (Figure 3.1, ß3 motif). 
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Table 3.1. Sequence identity between the B-tubulin isoforms of both A. gambiae 
(PEST) and D. melanogaster. 
Anopheles 
gambiae (PEST) Agß1tub Agß2tub 
Drosophila 
melanogaster Dmý1tub Dmý2tub 
Agß1tub Protein 100 87 Dmßltub Protein 100 95 
DNA 100 81 DNA 100 83 
Protein 85 86 Protein 90 87 
Ag f33tub DNA 80 79 Dmß3tub DNA 80 82 
Using the ClustalW multiple alignment programme, putative homologues of the A. gambiae 
(PEST) ß-tubulin gene family (left side of table) and the homologues of the D. melanogaster 
ß-tubulin gene family (right side of table) were compared with each other at both the 
polypeptide (protein) and nucleotide (DNA, italics) levels. All sequence comparisons are 
represented as percent identities. 
Table 3.2. Sequence identity between the A. gambiae (PEST) and D. melanogaster ß- 
tubulin gene orthologues. 
Dmßl tub Dmß2tub Dmß3tub 
Protein 96 91 86 
Agßl tub DNA 84 79 79 
Protein 91 91 87 
Agß2tub DNA 81 80 81 
Protein 90 88 95 
Agß3tub DNA 81 80 84 
Using the ClustalW multiple alignment programme, putative gene orthologues across the A. 
gambiae (PEST) and D. melanogaster ß-tubulin gene families were compared with each 
other at both the polypeptide (protein) and nucleotide (DNA, italics) levels. All sequence 
comparisons are represented as percent identities. 
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Figure 3.1. Multiple sequence alignment of the D. melanogaster and A. gambiae (PEST) ß- 
tubulin gene families. Alignments of the fi-tubulin gene familes at the polypeptide level are shown. 
Alignments were performed in ClustalW, and imported into BOXSHADE 3.21 for boxshade 
representation. Black boxes represent areas of amino acid identity; grey boxes represent areas of 
amino acid similarity. The 63-tubulin specific motif after position 56, ß3 motif, variable C-terminal 
region, C-terminal region (refer to Table 3.3), and the C-terminal 'ß-tubulin' consensus motif, ß 
tubulin motif, are shown. Sequences used for ß-tubulin analysis and their Pubmed accession 
numbers are Dmßltub (Dmbltub, NP_523795), Dmß2tub (Dmb2tub, NP524290), Dmß3tub 
(Dmb3tub, NP_523842), Agßltub (Agbltub, EAA05547), Agß2tub (Agb2tub, EAA10161) and 
Agß3tub (Agb3tub, EAA09971). 
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3.1.1 Exon/intron organisation of Drosophila and A. gambiae ß-tubulins 
To further characterise and compare the D. melanogaster and A. gambiae ß-tubulin 
families, their exon/intron organisation was analysed using Ensembl 
(http: //www. ensembi. org/). Differences in orthologue exon/intron arrangements 
were found despite their high levels of sequence conservation (Figure. 3.2). The 
putative A. gambiae 131- and %32-tubulin isoforms are encoded for by a single exon of 
1,359 bp and 1,341 bp respectively. In D. melanogaster instead, the 1,371 bp p1- 
tubulin isoform contains a 2,686 bp intron and the 1,341 bp ß2-tubulin isoform 
contains a small intron of 59 bp. On the other hand, the 1,365 bp ß3-tubulin isoform 
from both D. melanogaster and A. gambiae share an identical exon/intron 
organisation containing four exons, all identical in size, and three introns, where 
introns 1 and 2 differ remarkably in size (Figure 3.2). 
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(a) 
(b) 
(c) 
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(e) 
(f) 
d51 
446 
Figure 3.2. The exon/intron organisation of the ß-tubulin gene families from D. melanogaster 
and A. gambiae (PEST). (a) and (b) represent ß1-tubulin; (c) and (d) represent ß2-tubulin; and (e) 
and (f) represent ß3-tubulin, from D. melanogaster and A. gambiae (PEST), respectively. Exons are 
shown as grey filled boxes. Large introns are represented by upturned lines with a central pulse 
with their size shown below their respective schematic. Codons that are interrupted by intronic 
sequences are shown above the respective schematic. For ß3-tubulin, only interrupted codons for 
Dmß3tub are shown for simplicity. The size of each ß-tubulin isoform is shown in parentheses. 
Numbers on top of the bars indicate the amino acid position. 
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3.1.2 General comparison of 8-tubulin C-terminal amino acid sequences 
In vertebrates, Sullivan and Cleveland (1986) demonstrated that the C-terminus of 
all ß-tubulin molecules contained a canonical C-terminal 'ß-tubulin' amino acid motif, 
EYQQYQ, regardless of their specific function. Additionally, the last 15-17 as in the 
ß-tubulin proteins comprises of a highly variable C-terminus, which has diverged 
among different isoforms in a gene family but is conserved in orthologues from 
different species. This region has been postulated to have an important role in 
conferring the functional specificity of each class of isoforms. 
Table 3.3 compared the C-terminal region of ß-tubulins from a diverse array 
of organisms with or without motile flagella or cilia, encompassing animals, plants, 
fungi and protozoa. Analysis of the C-terminal region of the putative A. gambiae /3- 
tubulin family revealed the presence of the canonical /3-tubulin motif, EYQQYQ, in all 
three molecules (Figure 3.1, Table 3.3). Nielsen et al. (2001) suggested that 
axonemal ß-tubulins, such as Dmß2tub, have a specific motif in their C-terminus 
termed `the axoneme motif' (EGEFXXX, where X is either glutamic (E) or aspartic 
(D) acid). This motif is required for correct axonemal function and assembly of the 
two central microtubules in the axoneme, and is not conserved in other ß-tubulins 
from the same organism, or in organisms that lack motile flagella/cilia (Fackenthal et 
a/., 1993; Hoyle et al., 1995; Raff et al., 1997). The putative Agß2tub protein 
contains a version of the C-terminal axoneme motif. A difference is the presence of 
a methionine (M) in position 4, rather than a phenylalanine (F) (Table 3.3). Since 
methionine and phenylalanine are both non-polar amino acids with very similar 
biochemical properties, it is unlikely that the presence of the methionine would alter 
the function of the axoneme motif. This EGEM motif is also found in the ciliate, 
Euplotes octocarinatus. Leishmania major has a different variant of the axoneme 
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motif at position 4, EGEY (Table 3.3). Similarly, as tyrosine (Y) is a non-polar amino 
acid, it is unlikely to alter the function of the axoneme motif. These examples aside, 
all axonemal (3-tubulins, including the Homo sapiens ß2, contain the EGEF motif 
(Table 3.3). 
Agß2tub contains the conserved EG motif that is required for the assembly of 
a 9+2 axoneme (Nielsen et al., 2001). However since mosquito axonemes contain a 
9+1 arrangement (Ndiaye et al., 1996) (Figure 1.6), it is possible that the EG motif 
serves a different purpose or is a general motif for the assembly of a motile 
axoneme. Similarly, perhaps the axoneme motif is not only required for the 
assembly of the central apparatus in 9+2 axonemes, but rather is required for the 
assembly of any axonemal central apparatus. Together, these findings suggest that 
the putative A. gambiae ß2-tubulin gene is a good candidate to represent the 
orthologue of the axonemal ß2-tubulin gene of D. melanogaster. 
The C-termini of the non-axonemal H. sapiens ß-tubulins vary in size and 
their sequence compositions differ between each other and from the axonemal ß2- 
tubulin, Homo sapiens ß2. Similarly, the f3-tubulins from organisms without motile 
flagella/cilia, such as Caenorhabditis elegans, vary between each other and are very 
different from the C-termini of /3-tubulins involved with motile flagella/cilia, as noted 
for vertebrate ß-tubulins (Sullivan and Cleveland, 1986). The C-termini of the D. 
melanogaster and A. gambiae ß1-tubulins are identical in size and very similar in 
amino acid composition, as are the 63-tubulins, and are very different from the C- 
terminus of the ß2-tubulin isoform (Table 3.3). The putative A. gambiae ßl-tubulin 
and ß3-tubulin genes are therefore likely to represent the true orthologues of the D. 
melanogaster/31- and ß3-tubulin genes, respectively. 
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Table 3.3. C-terminal regions of different ß-tubulins from organisms with or without motile 
flagella or cilia. 
Protozoa and Animals with motile 
flagella/cilia 
Dmß2tub (NP_524290,446 aa) 
Agß2tub (EAA05547,446 aa) 
D. teissieri (AAX09674,446 aa) 
D. nannoptera (AAW78897,446 aa) 
Euplotes octocarinatus (CAA49227,444 aa) 
Trypanosoma brucei (XP_846746,442 aa) 
Leishmania major (CAA63780,443 aa) 
Paramecium tetrurelia (CAE75646,442 aa) 
Chlamydomonas incerta (AAB60936,443 aa) 
Homo sapiens ß2 (AAH24038,445 aa) 
Dmßltub (NP_523795,456 aa) 
Agfiltub (EAA10161,452 aa) 
Dmß3tub (NP_523842,454 aa) 
Agß3tub (EAA09971,454 aa) 
H. sapiens (CAG46756,445 aa) 
H. sapiens ß1 (CA141893,426 aa) 
H. sapiens ß4Q (AAB41497,434 aa) 
H. sapiens ßB4 (AAH00748,450 aa) 
H. sapiens ß5 (CAA25318,444 aa) 
H. sapiens ß6 (NP_115914,446 aa) 
C-terminal Sequence 
EYQQYQ EATADEEGEEDEDEEGGGDE 
EYQQYQ EATADDEGEMDEEEEGGED 
EYQQYQ EATADEEGEFDEDEEGGGDE 
EYQQYQ EATADEEGEFDEDEEGGGDE 
EYQQYQ DATAEEEGEMDEEEGAME 
EYQQYQ DATIEEEGEFDEEEQY 
EYQQYQ DATVEEEGEYDEEEEAY 
EYQQYQ DATAEEEGEFEEEGEQ 
EYQQYQ DASAEEEGEFEGEEEEA 
EYQQYQ DATAEEEGEFEEEAEEEVA 
EYQQYQ EATADEDAEFEEEQEAEVDEN 
EYQQYQ EATADEDAEFDEEQEAEVDEN 
EYQQYQ EATADDEFDQEVNQEEVEGDCI 
EYQQYQ EATADDEFEQEDCQDEMEGECV 
EYQQYQ DATADEQGEFEEEEGEDEA 
EYQQYQ DATAEEEEDFGEEAEEEA 
EYQQYQ DATAEGEGV 
EYQQYQ DATAEEEGEMYEDDEEESEAQGPK 
EYQQYQ DATAEQGEFEEEAEEEVA 
E'ýQQYQ DATANDGEEAFEDEEEEIDG 
Animals, Plants and Fungi without flagella 
or cilia 
C-terminal Sequence 
Arabidopsis thaliana (AAD02498,448 aa) EYQQYQ DATADEEDEYDEEEEQVYES 
Zea Mays P4 (CAA52719,447 aa) EYQQYQ DATAEEYEEEEHDGEEEHA 
Neurospora crassa (CAE85615,447 aa) EYQQYQ DAGVDEEEEEYEEEAPLEGEE 
Schiz pombe (CAA21099,448 aa) EYQQYQ EAGIDEGDEDYEIEEEKEPLEY 
Schiz commune (CAA44972,445 aa) EYQQYQ DATVEEEGEYEEEVIEDQE 
Caenorhabditis elegans (mec-7) EYQQYQ EAAADEDAAEAFDGE 
(CAA33320,441 aa) 
C-terminal sequences of ß-tubulins from a variety of species is shown. All ß-tubulins were found by 
performing an NCBI BLAST search with Dmß2tub as a template. The PubMed accession number 
and size of each P-tubulin involved are shown. The ß-tubulin consensus motif, EYQQYQ, is shown 
in red, and was used to align the sequences. The axoneme motif that is found in ß-tubulins involved 
with motility is shown in blue type-face. The putative general axoneme motif, EG, that is necessary 
to construct a 9+2 axoneme is shown in bold blue type-face. Schiz pombe, Schizosaccharomyces 
pombe; Schiz commune, Schizophyllum commune. 
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3.2 Amplification and Sequencing of the Agß2tub Regulatory Regions 
from A. gambiae (KWA) 
Rudolph et al. (1987) isolated a 4.55 kb Sall/Xbal fragment, ß2-Neo, which 
contained the complete coding sequence of the Dmf32tub gene and approximately 
2.0 kb and 1.2 kb, 5'- and 3'-regulatory regions, respectively. Hoyle and Raff (1990) 
demonstrated that male fertility could be restored in sterile male flies homozygous 
for ß2t8, an electrophoretic variant of /32-tubulin, or for the ß2-tubulin null mutant 
ß2"u", when homozygous for the 62-Neo fragment. Later, several coding sequences 
were cloned into a "testis vector" containing 2.1 kb of Dm/32tub 5' and 1.5 kb of 
Dmß2tub 3'-regulatory sequences. These Dmß2tub regulatory sequences 
controlled expression of inserted coding sequences at the same level and tissue 
specificity as the endogenous Dmf32tub (Hoyle et al., 1995; Raff et al., 2000). To 
this end, a molecular approach was then undertaken to amplify and utilize similar 
sized regulatory regions from A. gambiae (str. KWA) to drive target genes in an 
Agß2tub profile. Using the coding sequence of the predicted Agß2tub gene 
(EAA10161) as a template, 1,997 bp of the putative 5'-regulatory region and 1,500 
bp of the putative 3'-regulatory region were obtained from Ensembl and amplified 
from genomic DNA using specific primers (see materials and methods 2.3.1). 
These two genomic DNA fragments were then cloned into the pGEM-T Easy 
Vector and sequenced. Comparison with the published sequence confirmed the 
correct identity of the fragments, which shared 97% and 89% identity respectively 
(Appendix II, a, b). 
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3.3 Amplification and Sequencing of the Dmß2tub and Dmß3tub 
Orthologues in A. gambiae (KWA) 
In D. melanogaster, the /32-tubulin gene is expressed in a male-specific manner 
from the late 3rd instar larval stage onwards (Kemphues et al., 1979,1980,1982, 
1983) while the /33-tubulin gene is expressed in both male and females throughout 
their entire life cycle (Leiss et al., 1988; Gasch et al., 1989; Kimble et al., 1989; 
Kaltschmidt et al., 1991). In order to obtain the full-length cDNA of Agß2tub and 
Agß3tub, several A. gambiae (KWA) total RNA extractions were performed on 1St 
instar larvae, 4th instar larvae, male pupae and male adult mosquitoes followed by 
poly-A+ mRNA isolation and cDNA synthesis. 
RT-PCR was used to amplify the predicted 1,341 bp Agß2tub gene using a 
pair of Agß2tub-specific primers on all cDNAs (see materials and methods 2.6.4) 
(Figure 3.3a). An Agß2tub transcript was amplified from the 4th instar larvae, male 
pupae and male adult cDNA libraries but not the 1st instar larvae library (Figure 
3.3b). Similarly, RT-PCR was used to amplify the predicted 1,365 bp Agf33tub gene, 
with appropriate termini, using a pair of Ag/33tub-specific primers on all cDNA (see 
materials and methods 2.6.4) (Figure 3.4a) An Agß3tub transcript was amplified 
from all cDNAs (Figure 3.4b). 
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Figure 3.3: Amplification of the ß2-tubulin Transcript in A. gambiae (KWA). (a) Schematic of 
the ß2-tubulin gene in A. gambiae (KWA) is shown. The sequence and location of the ß2-tubulin 
specific primers used during RT-PCR are indicated: forward primer, ß25'RegF1986; reverse 
primer, ß23'RegR9. The ATG (green) and TGA (red) start and stop codons, respectively, are 
highlighted: 5' Reg, ß2-tubulin 5' regulatory region; 3' Reg, ß2-tubulin 3' regulatory region. (b) RT- 
PCR was performed on a series of A. gambiae (KWA) cDNAs in an attempt to amplify the coding 
sequence of ß2-tubulin. The full-length ß2-tubulin was amplified in all developmental stages 
excluding the first instar larva stage (1S). The ribosomal gene, S7, was used as a control for PCR 
efficiency. 4th, fourth instar larva stage; mP, male pupa stage; mA, male adult stage. Primers: S7, 
S7Forw and S7Rev; ß2, ß25'RegF1986 and ß23'RegR9. 
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Figure 3.4: Amplification of the ß3-tubulin transcript in A. gambiae (KWA). (a) Schematic of 
the ß3-tubulin gene in A. gambiae (KWA) is shown. The sequence and location of the ß3-tubulin 
specific primers used during RT-PCR are indicated: forward primer, EcoRlforß3; reverse primer, 
Xbalrevß3. The ATG (green) and TGA (red) start and stop codons, respectively, are highlighted: 5' 
Reg, 63-tubulin 5' regulatory region; 3' Reg, ß3-tubulin 3' regulatory region. (b) RT-PCR was 
performed on several A. gambiae (KWA) cDNAs to amplify the coding sequence of ß3-tubulin with 
EcoRV and Xbal termini. The full-length ß3-tubulin was amplified in all developmental stages. The 
S7 gene was used as a control for PCR efficiency. 1 st, first intar larva stage; 4th, fourth instar larva 
stage; mP, male pupa stage; mA, male adult stage. Primers: S7, S7Forw and S7Rev; P3, 
EcoRVforß3 and Xbalrevß3. 
-109- 
1 s` 4`h mP mA 
S7 P3 S7 P3 S7 P3 S7 P3 HL 
Results: chapter 3 
For both Agß2tub and Agf33tub, the amplified product from male adults was chosen 
for sequencing and compared to the published A. gambiae Ag/32tub and Agß3tub 
genes. Sequence alignment of the /32-tubulin coding sequence showed that there 
was a 99% identity at the nucleotide level between A. gambiae (PEST) and A. 
gambiae (KWA), indicating that the amplified fragment was the Agß2tub (KWA) 
coding sequence. There were a total of 13 single silent mutations that did not alter 
the amino acid composition of the Agß2tub gene, giving a 100% identity at the 
amino acid level (Appendix II, c). Sequence alignment of the 83-tubulin coding 
sequence also showed that there was a 99% identity at the nucleotide level between 
A. gambiae (PEST) and A. gambiae (KWA), indicating that the amplified fragment 
was the Agß3tub (KWA) coding sequence. There were a total of three silent 
mutations giving a 100% identity at the amino acid level (Appendix II, d). 
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3.4 Generation of A. stephensi Transgenic Lines Expressing the 
pPB[DsRed]ß62-EGFP Construct 
The rationale for characterising testis-specific promoters in Anopheles relies on the 
fact that the testis is the site for sperm production and development. In Drosophila, 
manipulation of testis-specific genes, such as Dmß2tub, has been utilised to enforce 
sterility in a temporally and developmentally regulated fashion (Hoyle and Raff, 
1990; Hoyle et al., 1995). The regulatory regions of the A. gambiae Agß2tub gene 
therefore represent good candidates for driving the expression of sterility genes in 
the mosquito testis. With the aim of driving a temporally- and tissue-specific pattern 
of expression in transgenic Anopheles mosquitoes, a transformation vector was 
designed containing a reporter gene, enhanced green fluorescent protein (EGFP), 
under the control of the isolated regulatory regions of the Agß2tub gene. 
3.4.1 Generation of the pPB[DsRed]p2-EGFP transformation construct 
Approximately 2.0 kb and 1.4 kb of the putative Ag132tub regulatory regions were 
used to transcriptionally control the expression of an EGFP reporter gene from the 
jellyfish, Aequorea victoria. This would allow a rapid and visual assessment of the 
tissue specificity and induction efficiency of the regulatory regions. The reporter 
gene cassette, %32-EGFP, was cloned into a DsRed-marked piggyBac vector (Horn 
and Wimmer, 2000) (see materials and methods 2.3.1). The selectable marker 
cassette, 3xP3-DsRed, consisted of the fluorescent DsRed gene driven by the 3xP3 
artificial pax-6 promoter, which is active in the eyes and neuronal ganglion (Horn 
and Wimmer, 2000). This cassette allows for selection of transgenic G, individuals 
by analysis of DsRed expression upon UV excitation. The reporter gene and 
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selectable marker cassettes were cloned between the piggyBac inverted repeats 
that are necessary for mobilisation of the whole construct into the mosquito genomic 
DNA (Figure 3.5a). The piggyBac transposable element had been previously used 
to successfully transform A. gambiae (Grossman et al., 2001) as well as A. 
stephensi mosquitoes (Nolan et al., 2002). The putative regulatory regions were 
first tested in A. stephensi as this mosquito species is more amenable to 
transformation. However, were it successful in A. stephensi, the same construct 
could be used to transform A. gambiae, a more medically important vector. Once 
the pPB[DsRed]ß2-EGFP construct was generated, a series of PCR reactions were 
performed to assess the orientation of the reporter and marker cassettes (Figure 
3.5b) (see materials and methods 2.3.1). The ß2-EGFP expression cassette was 
sequenced prior to microinjection, and no mutations were detected. 
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Figure 3.5. PCR analysis of the transformation vector pPB[DsRed]ß2-EGFP. (a) A schematic 
representation of the pPB[DsRed]ß2-EGFP transformation vector used to generate transgenic A. 
stephensi. Restriction sites Ascl (A), BamHl (B), EcoRV (E), Hindill (H) and Kpnl (K) used to 
generate the construct are shown. PCR primers (DsRedfor, ß2rev5'Reg, ß2for3'Reg) used to 
determine orientation of the ß2-EGFP cassette are also shown. The DsRed selectable marker (0.7 
kb) is under the transcriptional control of the 3xP3 eye and neuronal ganglion promoter (3xP3) (0.25 
kb). The EGFP reporter gene (EGFP) (0.7 kb) is under the transcriptional control of 2.0 kb 5'- and 
1.4 kb 3'-regulatory regions of the putative Ag, 62tub gene (ß2 5' Reg and ß2 3' Reg). The reporter 
and marker cassettes were cloned within the inverted terminal repeats of piggyBac (grey arrows). 
pBL, piggyBac left inverted repeat (0.7 kb); pBR, piggyßac right inverted repeat (1.0 kb); SV40T, 
SV40 terminator region (0.25 kb). A1 kb scale marker is shown. (b) PCR analysis of 
pPB[DsRedjß2-EGFP. The transformation construct amplified a 2.6 kb fragment from reaction 1 
(R1, DsRedfor and ß2rev5'Reg) and did not amplify a 2.0 kb product from reaction 2 (R2, DsRedfor 
and ß2for3'Reg), which was expected for the orientation of the reporter and marker cassettes shown 
in (a). 
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3.4.2. Development of transgenic A. stephensi lines expressing 
pPB[DsRed]02-EGFP 
A. stephensi embryos were injected with a mixture of transformation vector, 
pPB[DsRed]p2-EGFP (Figure 3.5a), and the helper plasmid, phsp-pBac (Handler 
and Harrell, 1999), in their posterior poles to increase the likelihood of transposon 
integration into germ cells. The helper plasmid contained the intronless piggyBac 
transposase gene necessary for piggyBac mobilisation, under the transcriptional 
control of the inducible heat shock protein 70 (hsp70) promoter of D. melanogaster. 
A total of 817 WT embryos were injected in two consecutive experiments. Of 
the 127 embryos (15.5%) that hatched, 75 (9.2%) survived to adulthood (Go). The 
surviving Go adults were allowed to emerge in isolation, divided into seven groups of 
males (A-G) and two groups of 6 and 22 female mosquitoes, and crossed separately 
to WT mosquitoes of the opposite sex (WT outcross) (Table 3.4). Go males were 
tested collectively as Anopheles males mate at higher frequencies when in groups 
owing to their requirement for swarming behaviour (Klowden et al., 1998). For every 
Go male, 3-4 WT virgin females were added to the cage in order to increase the 
probability of each male mating with at least one female. These females laid their 
eggs in a common reservoir and the G, progeny screened for fluorescence. In 
contrast, females typically mate once in their lifetime and sufficient sperm for 
multiple gonotrophic cycles is stored within their spermatheca, a female sperm 
storage receptacle filled following copulation (see materials and methods 2.5.1). Go 
females were group mated with WT males, but were forced to oviposit in isolation. 
In so doing, the progeny of each Go female could be analysed separately. 
The progeny of the 75 Go mosquitoes yielded a total of 212 transgenic 
individuals from 13,440 G, larvae screened (1.6% total G, progeny). Transgenic 
progeny were detected in male group C (ß2-egfp-C) and in individual females 11 
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(p2-egfp-11) and 12 (ß2-egfp-12). Transgenic G, individuals were therefore derived 
from a minimum of three Go founders, representing a transformation frequency of 
4.0% (3 founders from 75 surviving adults). Due to the testing procedure used for 
the Go males, it was not possible to determine whether the fluorescent G, larvae 
from male group C was derived from one or more founders. Among the 28 Go 
females surviving injections, nine did not produce any progeny after repeated 
feedings. It is likely that these individuals were rendered infertile by the injection 
procedure, accounting for an estimated infertility rate of 32.1%. Because of the 
group-mating procedure employed, it was not possible to derive an estimate of male 
sterility. Particular attention was paid to differences in phenotype between the 
different transgenic larvae from the same group or founder, as they may have been 
derived from different integration events. The expression of the DsRed selectable 
marker in the fluorescent G, larvae was observed in the neuronal ganglion and eyes 
of the larva. This is not surprising as the DsRed marker is under the transcriptional 
control of the synthetic Drosophila 3xP3 promoter, which is constitutively expressed 
in the larval neuronal ganglion and eyes (Horn and Wimmer, 2000). 
Microscopic analysis of the fluorescent G, larvae revealed the presence of 
eight putative DsRed expression phenotypes: five from male group C (ß2-egfp-C1_5), 
one from female number 11 ((32-egfp-11 1) and two from female number 12 (ß2-egfp- 
121.2). The different fluorescent phenotypes that were observed between individuals 
from different founders could be due to the different insertion sites of the 
transposable element. Although there are "hotspots" that transposable elements 
may target, piggyBac insertions can essentially be considered random events. 
Transgene insertion into a more transcriptionally active genomic area, or adjacent to 
an enhancer region, for instance, may contribute to enhanced transcription of the 
marker gene, whereas integration into a transcriptionally "silent" area of the genome 
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may decrease the activity of the 3xP3 promoter driving DsRed, resulting in a range 
of phenotypes. 
Putative phenotypes from each G, founder were reared separately and "test- 
crossed" to WT individuals in order to propagate the transgenic lines and to 
determine the number of integration events. A 1: 1 ratio of fluorescent to WT 
progeny was expected from Mendelian segregation of a single transgene or multiple 
transgenes inserted into a single chromosome, while a significant deviation from this 
ratio would imply that multiple transposon insertions onto separate chromosomes 
had occurred. In each case, G, females were crossed to WT males and the 
progeny screened individually. Test-crosses revealed that the number of DsRed 
positive and negative G2 larvae from the G, founders were approximately equal in 
ß2-egfp-C5, X32-egfp-111, ß2-egfp-121 and (32-egfp-122 (Table 3.5). G, founders from 
ß2-egfp-C1_4, however, deviated from this ratio, and fluorescent positive and 
negative progeny were obtained in a ratio indicative of the occurrence of multiple 
insertion events (Table 3.5). For future studies monitoring levels of EGFP reporter 
expression driven by the putative Agß2tub 5'- and 3'-regulatory regions, it was 
preferable to obtain transgenic lines with single transposon insertions as well as 
lines with multiple insertions. This would allow one to asses the influence of the 
Agß2tub regulatory regions on EGFP expression in different transgenic lines taking 
into account possible variations due to positional effects of the transposable 
element, and secondly, to determine whether the level of EGFP expression was 
proportional to transposon copy number. 
Positive heterozygous G2 adults from each group were then intercrossed to 
obtain homozygous lines. Transgenic lines that contained a single insertion event 
were expected to yield G3 progeny with three different fluorescent phenotypes: a 
"strong" red phenotype corresponding to individuals homozygous for the transgene, 
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a "weak" red phenotype corresponding to heterozygotes, and a "negative" 
phenotype, corresponding to WT individuals, and these three phenotypes should be 
represented in a 1: 2: 1 ratio, following Mendelian segregation of a co-dominant allele 
in the progeny of a cross between heterozygotes. As expected, G3 progeny from 
founders (32-egfp-C5, (32-egfp-111, ß2-egfp-12, and ß2-egfp-122 exhibited the three 
phenotypes in approximately the Mendelian 1: 2: 1 ratio. Individuals analysed from 
founders (32-egfp-C1_4 contained more than two fluorescent phenotypes, and 
significantly deviated from this ratio, which would be expected if multiple insertion 
events had occurred (Table 3.6). In order to maintain lines with a single insertion 
event, homozygous individuals were intercrossed. To maintain lines with multiple 
insertion events, all fluorescent individuals were kept and intercrossed, regardless of 
their fluorescent phenotype. 
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Table 3.4. Outcome of A. stephensi pPB[DsRed]p2-EGFP injections. 
Embryos 
Injected 
Hatched 
Larvae 
Surviving 
Go Adults 
WT outcross Group/ 
founder 
Fluoescent/total G, 
480 45 (9.4%) 18 (3.4%) 7 males A 0/2,689 
5 males B 0/1,903 
6 females n/a 0/488 
337 82 (24.3%) 57 (16.9%) 8 males C 187/2,052***** 
7 males D 0/1,721 
4 males E 0/850 
7 males F 0/1,536 
9 males G 0/1,184 
22 females Total 25/1,017 
No. 11 17/114* 
No. 12 8/67** 
212/13,440 
Injection experiments were performed on WT A. stephensi embryos using a mixture of transformation 
vector pPB[DsRed](32-EGFP (400 µg/mL) and helper plasmid phsp-pBac (100 µg/mL). The total 
numbers of injected embryos, hatched larvae, and surviving Go adults are shown. The percentages of 
embryos that hatched and survived to adulthood are indicated in parenthesis. The number of Go adults 
that were outcrossed to WT mosquitoes, and the group or founder name is shown. For each male 
group or female founder, the number of G1 larvae screened is shown. Asterisks indicate the number of 
putative DsRed phenotypes observed within the G, founders by microscopic analysis. 
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Table 3.5. Segregation of the DsRed marker in the Gi ß2-EGFP wild-type outcross. 
G2 fluorescence 
G, family Total G2 x2 
+_ 
Ci 166 3 169 157.21 
C2 264 2 266 258.06 
C3 127 0 127 127.00 
C4 49 21 70 11.20 
C5 109 105 214 0.07* 
111 68 67 135 <0.01* 
121 52 50 102 0.04* 
122 33 34 67 0.02* 
G, positive females from each founder family (C, 11,12) were crossed with WT males. The G2 
progeny of each cross was screened for DsRed fluorescence and scored as positive (+) or negative 
(-). As more than one fluorescent phenotype was observed from G, male group C and female 12, 
they were divided into multiple subgroups (ß2-egfp-C1_5 and ß2-egfp-12i_2 respectively). The 
segregation of the transgenic allele was consistent with the 1: 1 ratio expected of an insertion on a 
single chromosome in crosses from (32-egfp-C5, ß2-egfp-11 1, and ß2-egfp-121.2, as determined by 
chi-squared (x2) analysis. Crosses from ß2-egfp-C1-4 did not exhibit the expected 1: 1 ratio, 
indicating that more than one insertion of the transposable element had occurred in these lines 
(p>0.05, d. f. =1). Asterisks represent probable transgenic lines with a single insertion event. 
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Table 3.6. Segregation of the DsRed marker in the ß2-EGFP G2 intercrosses 
G2 family 
G3 fluorescence 
Total G3 x2 
C1 MULTIPLE PHENOTYPES- 192/196 POSITIVE 196 54.92a 
C2 MULTIPLE PHENOTYPES- 190/207 POSITIVE 207 31.11 a 
C3 MULTIPLE PHENOTYPES- 186/186 POSITIVE 186 186.00a 
C4 MULTIPLE PHENOTYPES - 200/222 POSITIVE 222 26.96a 
C5 62 129 65 256 0.06 
111 62 102 53 217 1.53 
121 52 118 55 225 0.87 
122 66 143 75 284 0.56 
Larvae derived from intercrosses between heterozygous G2 individuals were scored for the intensity 
of their DsRed fluorescence. +/+ = larvae showing strong fluorescence, scored as homozygous; +/- = 
larvae showing weak fluorescence, scored as heterozygous; -/- = larvae showing no fluorescence, 
scored as WT. Progeny from (32-egfp-C5, ß2-egfp-11 1, and ß2-egfp-121.2 had phenotypic 
distributions consistent with the 1: 2: 1 ratio expected from a cross between two heterozygous 
individuals with a single transgene insertion, evaluated by x2 (p>0.05, d. f. =2). ß2-egfp-C, -i did not 
show the expected 1: 2: 1 ratio, indicating more than one insertion of the transgene had occurred in 
these lines. 
a Due to the presence of multiple phenotypes in these lines, the x2 value was calculated based on 
two phenotypes, negative and positive (p>0.05, d. f. =1). 
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3.4.3 Molecular characterisation of pPB[DsRed]ß2-EGFP lines 
The pPB[DsRed]ß2-EGFP transgenic lines were then characterised at the molecular 
level by Southern blot analysis to determine the nature and number of the 
integration events. Genomic DNA was extracted from G8 adult female mosquitoes 
of the putative eight different lines and digested with Hindill, which cuts internally to 
each of the piggyBac inverted repeats, and hybridised with probe piggyBac (pPB), 
which encompasses both inverted repeats of the transposable element (Figure 
3.6a). A total of six unique transgenic lines were detected, as demonstrated by 
banding patterns obtained after hybridisation with probe pPB (Figure 3.6b). For 
each integrated piggyBac event, two hybridising bands are expected as the second 
Hindlll site in all transgenic lines is derived from the genomic DNA. Consequently, 
the different size banding patterns observed were consistent with integrations 
having occurred at different chromosomal sites, which had been suggested by the 
variation in the DsRed expression seen in each putative transgenic line. 
Two bands were detected in lines ß2-egfp-111, ß2-egfp-121 and ß2-egfp-122 
confirming the occurrence of a single piggyBac-mediated transformation of the 
transgene. The single band present in line ß2-egfp-C5, possibly corresponding to a 
double band, also suggests the occurrence of a single insertion event. The three 
bands detected in line (32-egfp-C3 suggest the presence of a double insertion of the 
transgene, although a fourth band was not seen. Similarly, the five bands detected 
in lines ß2-egfp-C2 and (32-egfp-C4 suggest the presence of a triple insertion of the 
transgene, although a sixth band was not seen. The six bands detected in line (32- 
egfp-C, also suggest the presence of a triple insertion of the transgene (Figure 
3.6b). Significantly, some lines were duplicated, as demonstrated by the identical 
banding patterns of lines ß2-egfp-121 and ß2-egfp-122, and lines ß2-egfp-C2 and ß2- 
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egfp-C4, suggesting that separation on the basis of phenotype had not been 
accurate. Consequently, lines (32-egfp-C4 and ß2-egfp-122 were discarded. Lines 
ß2-egfp-C,, ß2-egfp-C2 and (32-egfp-C3 contain a hybridising band of approximately 
3.6 kb suggesting that they share an insertion site. Lines ß2-egfp-C2 and ß2-egfp-C3 
contain hybridising bands at approximately 3.6 kb and 0.9 kb indicating that line ß2- 
egfp-C3 derived from the insertion event of ß2-egfp-C2 before additional integration 
events occurred. 
In summary, six separate integration events were recovered: four from male 
group C (ß2-egfp-C,, (32-egfp-C2, ß2-egfp-C3 and ß2-egfp-C5); one from female 11 
(ß2-egfp-11 1); and one from female 12 ((32-egfp-121). Three lines contained a single 
transgene insertion event (p2-egfp-C5, ß2-egfp-111 and ß2-egfp-121) and three lines 
contained multiple transgene insertion events (ß2-egfp-C1_3). 
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Figure 3.6. Plasmid pPB[DsRed]ß2-EGFP and Southern blot analysis of transgenic lines. (a) 
Schematic representation of transformation vector pPB[DsRed]ß2-EGFP. P2 5' Reg, A. gambiae 
(KWA) 62-tubulin 5' regulatory region; ß2 3' Reg, A. gambiae (KWA) ß2-tubulin 3' regulatory region; 
3xP3, D. melanogaster synthetic Pax-6 eye promoter; SV40T, SV40 terminator; EGFP, enhanced 
green fluorescent protein reporter; DsRed, red fluorescent protein selectable marker. EGFP and 
DsRed genes are indicated by green and red arrows, respectively. pBL, piggyBac left arm; pBR, 
piggyBac right arm. H, Hindlll. Probe encompassing pBL and pBR (pPB) is indicated by black bars. 
A1 kb scale bar is shown. (b) Southern blot analyses of genomic DNA from 8 transgenic lines (and 
WT mosquitoes) digested with Hindlll and hybridized with probe pPB. Sizes are indicated in kb. 
WT, wild-type; C1_5, lines ß2-egfp-Cl-5; 111, line ß2-egfp-111; 121-2, lines ß2-egfp-121.2. The asterisks 
indicate the 6 unique transgenic lines obtained. 
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3.4.4 Assessing Agß62tub regulatory region activity in pPB[DsRed]02-EGFP 
transgenic lines 
For each of the six lines, a pool of developing transgenic G2 larvae was screened 
daily to determine if, and in which tissues, EGFP expression could be detected. 
Expression of the EGFP reporter gene, driven by the putative Agß2tub regulatory 
regions, was analyzed visually using a Nikon inverted microscope. In all six 
transgenic lines, EGFP expression was detected in a fraction (about 45-55%) of late 
3rd instar larvae as two strongly fluorescent symmetrical ovoid bodies localized at 
the level of the 6th abdominal segment, corresponding to the region where the 
gonadal primordia develop (Figure 3.7a). The intensity of EGFP fluorescence 
increased with time during larval development and was brightest around days 8/9, 
corresponding to 4th instar larvae (Figure. 3.7b). EGFP expression was also found 
in pupae and was localized to the regions where the gonads develop. Analysis of 
their posterior terminal structures showed that all pupae positive for EGFP 
expression were males (Figure 3.7c). Newly emerged adult males exhibited 
localized EGFP expression in structures that showed the morphology and the 
localisation of internal adult male genitalia (Figure 3.7d). No EGFP expression was 
detected in female pupae and adult stages of development (data not shown). 
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Figure 3.7. Fluorescent microphotographs showing ß2-EGFP expression at different 
developmental stages. Individuals shown here are derived from line ß2-egfp-C5, containing a single 
heterozygous insertion of the transposon. Similar phenotypes were detected in all other transgenic 
lines developed, with some differences in the intensity of sperm fluorescence, probably due to the 
different number of transposon insertions. The red fluorescence in the neuronal ganglion and eyes 
was derived from the 3xP3-driven selectable marker DsRed. (a) Transgenic ß2-EGFP late 3rd instar 
larva showing EGFP expression in two ovoid bodies in the 6th abdominal segment, corresponding to 
the developing gonads. (b) Transgenic ß2-EGFP 4th instar larva showing a more intense EGFP 
signal in the 6th abdominal segment. (c) Transgenic ß2-EGFP male pupa showing EGFP 
fluorescence in the gonads. (d) Adult ß2-EGFP male showing EGFP expression in the 6th abdominal 
segment, corresponding to the internal reproductive apparatus. Scale bar, 500 µm (middle panels). 
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To assess more accurately the origin of EGFP expression, male genitalia were 
dissected from two-day-old adult males. Dissections of adult males showed that the 
fluorescence was entirely localised within the genitalia. Both testes showed a very 
intense EGFP expression, which extended down the full length of the vas efferens, 
vas deferens and seminal vesicles (Figure 3.8a). With increased magnification, 
individualised fluorescent sperm filaments were clearly visible towards the distal 
region of the testes, where the vas efferens begins. The apical part of the testis 
contains non-mature sperm and individualised sperm filaments could not be 
distinguished (Figure 3.8c). Mechanical damage of the testes revealed that EGFP 
fluorescence originated exclusively from the spermatozoa, which under UV light 
appeared as long fluorescent filaments (Figure 3.8d). Green and red auto- 
fluorescence, of varying intensities, was detected in the accessory glands of both 
transgenic and WT males (Figure 3.8a, b). However, auto fluorescence was never 
detected in the seminal vesicles, vas deferens, vas efferens or testes from 
dissections of WT male genitalia. 
Together these results indicate that the Agß2tub regulatory regions are 
capable of driving the expression of an EGFP reporter gene in A. stephensi 
mosquitoes at high levels and with a pattern that resembles very closely the 
expression profile of ß2-tubulin in D. melanogaster (Kempheus et al., 1979,1980, 
1982,1983). 
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(a) 
(b) 
Figure 3.8. Fluorescent microphotographs showing ß2-EGFP expression in dissected male 
genitalia. Images were captured using a Nikon inverted microscope with an attached Nikon DXM1200 
digital camera, using constant settings. Dissections shown here are derived from line ß2-egfp-C5, 
containing a single heterozygous insertion of the transposon. Similar phenotypes were detected in all 
other transgenic lines developed. (a) The internal reproductive organ from a dissected ß2-EGFP 
transgenic male adult. The testes (T) show strong EGFP fluorescence. EGFP was also detected in 
the vas efferens (Ve), vas deferens (Vd) and seminal vesicles (Sv). The accessory glands (Ac) 
showed some green and red autofluorescence. (b) The internal reproductive organs from a dissected 
WT A. stephensi male adult. Scale bars in (a) and (b), 200 µm. (c) Testis dissected from a ß2-EGFP 
male showing individualised fluorescent sperm filaments towards the apical region, where the vas 
efferens begins. Scale bar, 50 µm. (d) Elongated individualised sperm filaments from mechanically 
broken testis dissected from a ß2-EGFP male. Scale bar, 20 µm. 
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3.4.5,82-EGFP expression as a reliable marker for sexing 
Owing to the tissue- and sex-specificity of expression observed, it was envisaged 
that the /32-EGFP marker system could offer a very reliable sexing marker in A. 
stephensi mosquitoes. To assess the accuracy of the ß2-EGFP expression pattern 
as a marker to predict sex in mosquitoes at the larval stage of development, 1010 
4th instar larvae composed of individuals from transgenic lines ß2-egfp-C, and 132- 
egfp-C5, containing individuals with multiple and single transposon insertions, 
respectively (Figure 3.6b), were scored either positive or negative for EGFP 
fluorescence and separated accordingly. Screened larvae were allowed to mature 
to adulthood, and their sex determined (see materials and methods 2.5.5). All 484 
(47.9%) individuals that had shown a green fluorescence phenotype at the larval 
stage emerged as males, and all 526 (52.1%) individuals that were negative for 
green fluorescence emerged as females, thus giving a 100% reliable sex-separation 
method. The difference between the number of males and females that emerged 
was not significantly different (x2=1.75) (p>0.05, d. f. =1), indicating that there was no 
sex-ratio bias. 
The Complex Object Parametric Analyzer and Sorter (COPAS) XL high- 
throughput instrument from Union Biometrica (http: //www. unionbio. com/) (see 
materials and methods 2.5.6), originally used to sort live fluorescent D. 
melanogaster embryos and larvae (Furlong et al., 2001), was then tested to assess 
the possibility of sorting transgenic male larvae in a fully automated way. A mixed 
population of A. stephensi 4th instar larvae, containing male and female transgenic 
individuals (from lines ß2-egfp-C, and p2-egfp-C5 to maximise variability of ß2-EGFP 
expression) and a small number of WT larvae, was analysed (Figure 3.9). By using 
the COPAS XL instrument, reliable identification and efficient sorting of the EGFP- 
expressing male individuals from the mixed population was achieved. 
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Initially, the mixed larval population was separated from food particles based 
on size, and this population was termed R1 (Figure 3.9a). The R1 gated population 
was then analysed for red and green fluorescence parameters resulting in three 
subpopulations being identified. Subpopulation R2 contained larvae scored as 
positive for red fluorescence and negative for green (putative transgenic females); 
subpopulation R3 contained larvae scored as positive for both red and green 
fluorescence (putative transgenic males); subpopulation R4 contained larvae scored 
as negative for both red and green fluorescence (putative WT larvae) (Figure 3.9b). 
Individuals from R2, R3 and R4 subpopulations were sorted and the fluorescence 
phenotype and sex of the corresponding adults determined manually. All R3 
individuals emerged as transgenic males, whereas R2 individuals emerged as 
transgenic females. As the machine settings were chosen to maximise transgenic 
sorting accuracy, some transgenic individuals were recovered in R4, together with 
the WT individuals present in the original mixed population. Importantly, larval 
viability was only marginally affected by the sorting procedure. The potential sorting 
speed of the machine is 5 individuals/s (therefore 300 individuals/min). However as 
the system was not optimized for sorting of mosquito larvae the actual speed was 
lower than this. 
These findings demonstrate that ß2-EGFP expression offers the possibility to 
accurately identify and separate large numbers of male and female mosquitoes by 
an automated means at a relatively early stage of development, thus satisfying a 
major requirement of a GSS to be used for SIT. 
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Figure 3.9. Automated sorting of transgenic male larvae. A mixed population of A. stephensi 4`n 
instar larvae, containing male and female transgenic individuals (from lines ß2-egfp-C, and ß2-egfp- 
C5) and a small number of WT larvae, was analysed using the COPAS XL instrument (Union 
Biometrica). (a) The mixed larval population was separated from food particles based on size. This 
population was termed R1. The gating parameter extinction (EXT) is a measure of the optical 
density, whereas the time of flight (TOF) parameter measures relative size. (b) The R1 gated 
population from (a) was analysed for fluorescence parameters. The parameters FLU1 (measuring 
green fluorescence intensity) and FLU3 (measuring red fluorescence intensity) identified three 
subpopulations. R2, larvae positive for red fluorescence and negative for green fluorescence 
(putative transgenic females); R3, larvae positive for both red and green fluorescence (putative 
transgenic males); R4, larvae negative for both red and green fluorescence (putative WT larvae). 
Individuals from R2, R3 and R4 were sorted and the fluorescence phenotype and sex of the adults 
determined manually. 
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3.4.6 Fluorescent sperm is visible in the female spermatheca 
Remarkably, fluorescent spermatozoa were also detectable in spermathecae 
dissected from WT females mated to heterozygous males from line ß2-egfp-C,, 
containing multiple insertions. An intense fluorescent signal was observed in intact 
and ruptured spermathecae within the sperm bundle (Figure 3.10). Sperm released 
from ruptured spermathecae appeared to be perfectly viable, as judged by normal 
sperm morphology and motility. Fluorescent sperm from ß2-EGFP males could also 
be identified in spermathecae from non-dissected females (data not shown). These 
features make ß2-EGFP an extremely valuable marker, as it offers the possibility to 
easily measure the frequency of matings between WT females and laboratory- 
reared or field-released transgenic males, and hence determine male mating 
capability. 
Figure 3.10. Dissected spermathecae of WT A. stephensi females mated to transgenic 
heterozygous ß2-EGFP males from line ß2-egfp-Ci. Similar phenotypes were detected in the 
spermathecae of females mated with males from all other transgenic lines. (a) Transgenic fluorescent 
sperm can be easily recognised in the intact spermathecal capsule (Sc). Scale bar, 200 µm. (b, c) 
Transmission and fluorescent microphotographs showing a typical fluorescent sperm bundle bursting 
from a mechanically broken spermatheca. Scale bar, 50 µm (panel c). In (a) and (b), the spermathecal 
duct (Sd), glandular cells (Gc) and muscle fiber (Mf) can be clearly recognised. 
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For a GSS to be successfully utilised in an SIT programme, the sexing mechanism 
employed should not confer a competitive disadvantage to the male individual. The 
observation that fluorescent sperm could be identified in the spermathecae of WT 
females mated with ß2-EGFP males allowed one to assess the mating 
competitiveness of the ß2-EGFP males. To assess the mating capabilities of the 
/32-EGFP transgenic males, a duplicated series of caged mate-choice experiments 
were performed where 25 virgin WT A. stephensi females were mated to groups of 
10 newly emerged transgenic and WT males in ratios of 0: 10,2: 8,4: 6,6: 4,8: 2 and 
10: 0. Spermathecae of females from each group were dissected after 8-10 days of 
group mating, and the sperm bundle phenotype analysed. 
In each group, empty spermathecae were detected at a frequency of 
approximately 20% (Exp I, 22.4%; Exp II, 18.3%), irrespective of the ratio of 
transgenic and WT males, and were not considered in the analysis (Table 3.7). This 
is in agreement with studies in A. gambiae showing that, regardless of the number 
of males present, some females never mate, despite the considerable mating 
potential of males (coma, 1963; Bryan, 1972; Okanda et al., 2002). From the two 
experiments, the average percentage of fluorescent spermathecae for each ratio 
was calculated and plotted against the expected percentage (Figure 3.11). Within 
each group, the percentage of fluorescent spermathecae increased linearly with 
respect to the ratio of transgenic males added to the cages and closely mirrored the 
different ratios of transgenic and WT males (Figure 3.11), indicating that the genetic 
manipulation had not impaired the mating ability of the ß2-EGFP transgenic males in 
the confined laboratory experimental conditions employed. 
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Table 3.7. Mate choice experiment between transgenic ß2-egfp-C, and WT A. stephensi males. 
Exp Male Combination 
Fluorescent 
Ob Ex 
Mated 
Non-Fluorescent 
Ob Ex 
Total 
Non- 
Mated 
10 ß2EGFP 21 (100%) 21 0 (0%) 0 21 3 
8 ß2EGFP +2 WT 17 (85%) 16 3 (15%) 4 20 3 
6 ß2EGFP +4 WT 11 (50%) 13.2 11 (50%) 8.8 22 2 
4 ß2EGFP +6 WT 7(37%) 7.6 12(63%) 11.4 19 4 
2ß2EGFP+8WT 2(12%) 3.4 15(88%) 13.6 17 8 
10 WT 0(0%) 0 18(100%) 18 18 5 
10 ß2EGFP 20 (100%) 20 0 (0%) 0 20 4 
8 ß2EGFP +2 WT 17 (85%) 16 3 (15%) 4 20 4 
II 6 p2EGFP +4 WT 12 (60%) 12 8 (40%) 8 20 3 
4 ß2EGFP +6 WT 10 (48%) 8.4 11(52%) 12.6 21 3 
2ß2EGFP+8W1 4(21%) 3.8 15(79%) 15.2 19 5 
10 WT 0(0%) 0 21(100%) 21 21 3 
Groups of 10 transgenic and WT males in different ratios (0: 10,2: 8,4: 6,6: 4,8: 2 and 10: 0) were 
mated separately with 25 virgin WT females. Spermathecae were dissected from females after 8-10 
days and analysed for the presence and phenotype of sperm. Spermathecae from females mated 
with ß2-EGFP males were easily recognized by their fluorescence (Figure 3.10), whereas 
spermathecae from females mated to WT male were recognized owing to the striations of the sperm 
bundle. Experiments were performed in duplicate (Exp I& II). Mated females were separated into 
fluorescent and non-fluorescent spermathecae categories, with the observed (Ob) and expected (Ex) 
values shown. From the two experiments, empty spermathecae from non-mated females were found 
at a frequency of 20.4% (Exp I, 22.4%; Exp II, 18.3%) in each group. 
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Figure 3.11. Summary of mate-choice experiment between transgenic 02-egfp-C, and WT A. 
stephensi males. For each mate-choice group, the average percentage of green spermathecae 
observed and the expected percentage of green spermathecae, based on the number of mated 
females analysed (Table 3.7), are shown. For simplicity, only the number of ß2-EGFP males used in 
each mate choice group is reported on the x-axis. The % green spermathecae is reported on the y- 
axis. Experiments were performed in duplicate (R2 = 0.9914; s. e. m ± 3.991). 
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3.5 The use of 82-EGFP as a Go Male Marker for A. stephensi 
Mosquitoes 
Generating transgenic mosquito lines is a very laborious and inefficient process, as 
seen in table 3.4. From 817 embryos injected, 75 (9.2%) survived to adulthood 
producing a total of 212 transgenic progeny from 13,440 G, screened (1.6% total G, 
progeny) and generating six transgenic lines with a transformation efficiency of 
4.0%. At present when generating transgenic lines, all Go individuals surviving the 
injection process are reared to adulthood and outcrossed with WT individuals of the 
opposite sex. Deriving transgenic lines from female founders is relatively efficient. 
The main logistical burden, however, is found when deriving lines from male groups. 
The vast majority of these Go males will not contain the transposon/transposase 
mixture and will never yield transgenic progeny. They will, however, interfere and 
compete with potential transgenic Go males for WT females, and in so doing, 
decrease their probability of mating a WT female and producing transgenic progeny. 
Moreover, the number of G, larvae typically screened to yield a transgenic line from 
a male group is very high, as seen in table 3.4 (G1 progeny screened from females: 
1,505; G, progeny screened from male groups: 11,935). 
This study has shown that ß2-EGFP is expressed in male germ cells (Figure 
3.7,3.8), suggesting that males with green sperm cells at the Go stage could then go 
on to produce transgenic progeny. Essentially, one could separate Go ß2-EGFP 
positive males from the total injected male population and cross them with WT 
females. This would increase the likelihood of generating a transgenic line by giving 
the putative transgenic males a greater probability of mating a WT female. It would 
also dramatically reduce the number of G, progeny that are typically screened to 
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establish transgenic lines when performing multiple male group matings, as 
previously described (Table 3.4). 
3.5.1 Generation of the pPB[DsRed]ß2-EGFP$ transformation construct 
To test the feasibility of using the ß2-EGFP marker for Go selection, a series of 62- 
EGFP reporter cassettes were constructed based on the original ß2-EGFP cassette 
(4,140 bp) (Figure 3.12a) and cloned into the pGEM-T Easy Vector. The rationale 
for exploiting a shorter cassette was to ensure the cassette is as small as possible in 
order to accommodate the ß2-EGFP Go marker in future transformation constructs. 
Using standard PCR conditions, a series of 62-EGFP cassettes were amplified with 
varying lengths of A. gambiae /32-tubulin 5'- and 3'-regulatory regions, ranging from 
490 bp to 1,005 bp of 5'-regulatory region and 489 bp to 1,002 bp of 3'-regulatory 
region (Figure 3.12b). Each reporter cassette was amplified with primer pairs 
containing Ascl sequences at their termini (see materials and methods 2.3.2). This 
would allow easy insertion of the 82-EGFP cassettes into the DsRed-marked 
piggyBac transformation plasmid. 
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(a) 
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ß2-1 005-EG F P-489 
ß2-490-EGFP-1002 
ß2-490-EGFP-489 
[ß2-EG FPS] 
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EGFP /32 3' Regulatory Region 
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5'Regß2F1005 5'Regß2F490 3'Regß2R489 3'Regß2R1002 
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1500 bp 
(2,727 bp) 
Figure 3.12. Strategy adopted to generate and isolate truncated ß2-EGFP reporter cassettes for 
Go selection. (a) Schematic representation of the strategy used to generate the truncated ß2-EGFP 
reporter cassettes is shown. Using the original 4,140 bp ß2-EGFP cassette as a template, a series of 
PCR reactions were performed to produce shorter ß2-EGFP cassettes containing Ascl termini: ß2- 
1005-EGFP-1002; 62-1005-EGFP-489; ß2-490-EGFP-1002; ß2-490-EGFP-489 [ß2-EGFP (short)]. 
The size of each cassette is indicated and the primers used to amplify each cassette are shown in red. 
(b) Gel purified ß2-EGFP cassettes following PCR amplification are shown. After gel purification, each 
cassette was cloned into the pGEM-T easy vector. Lane 1, ß2-EGFP template; lane 2, ß2-1005-EGFP- 
1002; lane 3, ß2-1005-EGFP-489; lane 4, , 62-490-EGFP-1002; lane 5, ß2-490-EGFP-489 [ß2-EGFPs]. 
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The smallest reporter gene cassette, containing EGFP flanked by 490 bp 5'- and 
489 bp 3'-regulary regions, 62-EGFPs (1,699 bp), was initially cloned into the 3xP3- 
DsRed piggyBac vector (Horn and Wimmer, 2000) as described earlier (see 
materials and methods 2.3.2). If this reporter gene cassette were unable to 
demonstrate Go expression in A. stephensi mosquitoes, larger cassettes would then 
be tested (Figure 3.12a). This construct was first tested in A. stephensi, as this 
mosquito species is more amenable to transformation. The ß2-EGFP, reporter 
cassette (Figure 3.13a) was sequenced prior to microinjection, and no mutation was 
detected. PCR reactions were performed to assess the orientation of the reporter 
and marker cassettes (Figure 3.13b). 
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(a) 
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DsRedfor ß2rev5'Reg ß2for3'Reg 
AA 
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P2 5' Reg 
SV40T 
2000 bp - 
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Figure 3.13. PCR analysis of the transformation vector pPB[DsRed]ß2-EGFPS. (a) A 
schematic representation of the pPB[DsRed]ß2-EGFP5 transformation vector used to generate 
transgenic A. stephensi. Restriction site Ascl (A) used to generate the construct is shown. PCR 
primers (DsRedfor, ß2rev5'Reg, ß2for3'Reg) used to determine orientation of the ß2-EGFPs 
cassette are also shown. The DsRed selectable marker is under the transcriptional control of the 
3xP3 promoter (3xP3). The EGFP reporter gene (EGFP) is under the transcriptional control of 490 
bp 5'- and 489 bp 3'-regulatory regions of the putative Agß2tub gene (ß2 5' Reg and ß2 3' Reg). 
The reporter and marker cassettes were cloned within the inverted terminal repeats of piggyßac 
(grey arrows). pBL, piggyBac left inverted repeat; pBR, piggyßac right inverted repeat; SV40T, 
SV40 terminator region. A1 kb scale marker is shown. (b) PCR analysis of pPB[DsRed]ß2- 
EGFPs. The transformation construct amplified a 1.1 kb fragment from reaction 1 (R1, DsRedfor 
and ß2rev5'Reg) and did not amplify a 1.0 kb product from reaction 2 (R2, DsRedfor and 
ß2for3'Reg), which was expected for the orientation of the reporter and marker cassettes shown in 
(a). 
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3.5.2. Development of transgenic A. stephensi lines utilising Go X62-EGFP$ 
positive males 
A total of 354 A. stephensi embryos were injected with the pPB[DsRed]ß2-EGFPs 
transformation construct together with phsp-pBac. The 133 larvae that hatched 
(37.6%) were all screened at the 4th instar stage for EGFP fluorescence. A total of 
four Go 4th instar larvae were found to express EGFP in the developing gonad region 
(as seen in figure 3.7b). These larvae developed into male pupae and all exhibited 
EGFP expression where the male gonads develop (as seen in figure 3.7c). No 
3xP3-driven DsRed expression was observed in the EGFP positive individuals. Of 
the four 82-EGFP positive Go pupae, three survived to adulthood (Table 3.8). In 
summary, a total of 87 Go adults survived (24.5%) of which 45 were female (51.7% 
of adults), 39 were WT males (44.8% of adults) and three were /32-EGFP positive 
males (3.5% of adults) (Table 3.8). 
In an attempt to determine if transgenic lines could be generated based on 
Go ß2-EGFP expression, the three ß2-EGFP Go positive males were group mated 
with 10 virgin NT females. Seven days later, females were blood fed and made to 
oviposit individually. Of the 10 females, five never laid eggs (DNL) despite repeated 
feedings, and two laid eggs that did not hatch (DNH). Only females 1-3 (F1-F3) laid 
fertile eggs and produced larvae (Table 3.9). It is probable that the injection 
procedure rendered the Go males less fit than WT males, explaining why only three 
WT females laid eggs that hatched. Females F1 and F3 produced a few transgenic 
larvae with a single DsRed phenotype (3/120 and 2/113, respectively), whilst female 
F2 produced many transgenic larvae (54/168) containing three putative DsRed 
phenotypes (Table 3.9). It is therefore possible that females F1 and F3 mated with 
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the same male that was different from the male female F2 mated, giving an 
integration frequency of 66.6% (two different male founders from three adults). This 
is a vast improvement when compared to the 4.0% integration frequency obtained 
whilst generating the original ß2-EGFP lines (see results 3.4.2). The progeny of the 
three Go ß2-EGFP positive male mosquitoes yielded a total of 59 transgenic 
individuals from a total of 401 G, larvae screened (14.7% total G, progeny). This 
was a dramatic reduction when compared to the 212 transgenic individuals 
produced from 13,440 larvae screened (1.6% total G, progeny) when using group 
male matings when developing the original ß2-EGFP lines (Table 3.4). 
Unfortunately, transgenic lines p2-egfps-1 and ß2-egfps-3 were lost as there 
were no G, adult survivors. In contrast, many G, adults survived from ß2-egfpS 2 
and were outcrossed with WT individuals to establish three putative transgenic lines, 
ß2-egfps 21.3 (Table 3.9). All three ß2-egfps-2 lines produced G2 progeny in an 
approximate 1: 1 ratio (fluorescent: WT), as expected from a single transposon 
integration event (Appendix III, a). As previously described, expression of the 
DsRed selectable marker was observed in the eyes and nerve cells of the larvae. 
The intensity of fluorescence appeared to vary between the three ß2-egfps-2 lines, 
which is not surprising as the site of transposon insertion can affect the level of 
marker expression. Importantly, EGFP expression throughout development was 
identical to that of the previously described pPB[DsRed]ß2-EGFP lines (Figure 3.7) 
(data not shown), demonstrating that the short ß2-EGFPs reporter cassette is fully 
functional. 
G2 individuals from each ß2-egfpS 2 line were then intercrossed to propagate 
the lines. As mentioned previously (see results 3.4.2), heterozygous adults with a 
single transposon insertion were expected to yield fluorescent progeny with three 
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different DsRed phenotypes: "strong" (homozygous), "weak" (heterozygous) and 
"negative" (WT) in a 1: 2: 1 ratio respectively. As expected, G3 individuals from all ß2- 
egfps-2 lines were approximately represented in this ratio (Appendix III, b). In order 
to maintain and propagate the (32-egfps 2 lines, homozygous individuals were 
intercrossed. 
Table 3.8. Outcome of A. stephensi pPB[DsRed]ß2-EGFP$ injections. 
Go Adults 
Embryos Larvae Males 
Injected Hatched 
Total Females 
WT adults EGFP adults 
354 133 87 45 39 3 male 1 
(37.6%) (24.5%) (12.7%) (11.0%) (0.8%) 
male 2 
male 3 
51.7% of 44.8% of 3.5% of 
adults adults adults 
Injection experiments were performed on WT A. stephensi embryos using a mixture of transformation 
vector pPB[DsRed]ß2-EGFP, (400 µg/mL) and helper plasmid phsp-pBac (100 µg/mL). The total 
numbers of injected embryos, hatched larvae, and surviving Go adults are shown. The percentages of 
embryos that hatched and survived to adulthood are indicated in parenthesis. The number of Go adults 
that emerged as females, WT males and EGFP males is shown. The percentage of total adult 
individuals that each Go adult group contained is also indicated. The three Go ß2-EGFPs positive 
males are represented as male 1, male 2 and male 3. 
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Table 3.9. Establishing transgenic lines with Go ß2-EGFP$ positive males. 
Go Male Female Fi Progeny F, Adults F2 Progeny Number 
Males 1-3 grouped F1 3/120* No survivors n/a 
F2 54/168*** WT outcross F21 established 
WT outcross F22 established 
WI outcross F23 established 
F3 2/113* No survivors n/a 
F4 Laid - DNH n/a n/a 
F5 Laid - DNH n/a n/a 
F6 DNL n/a n/a 
F7 DNL n/a n/a 
F8 DNL n/a n/a 
F9 DNL n/a n/a 
F10 DNL n/a n/a 
Generation of transgenic progeny from the three Go ß2-EGFPs positive males is shown. The three Go 
ß2-EGFPs positive males were group mated with 10 virgin WT female mosquitoes for seven days prior 
to receiving a blood meal. Females were made to oviposit individually and the outcome for the F1 
progeny is shown. Females 1,2 and 3 (Fl, F2, F3, respectively) produced transgenic progeny (lines 
ß2-egfps-1, ß2-egfps-2 and ß2-egfps-3). Females F4 and F5 laid eggs but they did not hatch (DNH). 
Females F6-F10 did not lay (DNL) eggs. No transgenic adult survived from females F1 and F3 
preventing a WT outcross being performed. Many transgenic adults survived from female F2 resulting 
in WT outcrosses being performed. All putative lines from female F2 (ß2-egfps-21-3) produced 
transgenic F2 progeny. Note: in the table n/a = not applicable. 
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To determine whether the Go ß2-EGFP expression could be detected also as a 
result of transient expression of the /32-EGFPg cassette, a further round of A. 
stephensi embryo injections was performed with pPB[DsRed]ß2-EGFP5 in the 
absence of transposase. For this experiment, a total of 291 embryos were injected. 
A total of 98 larvae hatched (33.7%) and were all screened at the 4th instar stage for 
EGFP fluorescence. A total of two Go 4th instar larvae were found to express EGFP 
in the developing gonad region as shown previously (Figure 3.7b). Surprisingly, 
when these larvae developed into male pupae, they no longer exhibited EGFP 
expression (Table 3.10). The two male adults that emerged from the Go ß2-EGFP 
positive larvae were then group mated with ten virgin WT females, as previously 
described. Seven days later, females were blood fed and made to oviposit 
individually. Of the ten females, only four females laid eggs and, as expected, all 
609 G, progeny screened were WT (Table 3.11). 
In summary, transgenic lines were generated with great efficiency when 
crossing Go ß2-EGFP positive males (in the presence of transposase) with virgin WT 
females. However, some caution must be exercised when screening Go ß2-EGFP 
positive larvae, since some may be false positives as the ß2-EGFPs cassette was 
capable of transient expression. Screening and grouping at the pupal stage may 
represent a more reliable strategy. 
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Table 3.10. Outcome of A. stephensi pPB[DsRed]p2-EGFP$ control injections. 
Embryos Larvae 
Go 4th Instar Go Pupae Go Adults 
Injected Hatched Larvae 
WT EGFP WT EGFP Male Female 
291 98 92 2 
(33.7%) (31.6%) (0.7%) 
92 0 41 45 
(31.6%) (0%) (14.1%) (15.5%) 
94(32.3%) 92(31.6%) 86(29.6%) 
Control injection experiments were performed on WT A. stephensi embryos using only transformation 
vector pPB[DsRed]ß2-EGFP, (400 µg/ml-). The total numbers of injected embryos, hatched larvae, 
and surviving Go 4th instar larvae, pupae and adults are shown. The percentages of embryos that 
hatched and survived to 4th instar larvae, pupae and adults are indicated in parenthesis. The number 
of Go WT and ß2-EGFP, positive larvae and pupae are shown. The number of individuals that 
emerged as WT males and females is also shown. 
Table 3.11. Transgenic lines were not generated in the absence of phsp-pBac. 
Go Male Female Number F1 Progeny 
Males 1-2 grouped F1 0/189 
F2 0/202 
F3 0/111 
F4 0/107 
F5 DNL 
F6 DNL 
F7 DNL 
F8 DNL 
F9 DNL 
F10 DNL 
The two adults that emerged from the Go ß2-EGFPs positive larvae were group mated with ten virgin 
WT female mosquitoes for seven days prior to receiving a blood meal. Females were made to oviposit 
individually and the outcome for the F, progeny is shown. Females F1-F4 laid eggs and produced a 
total of 609 WT progeny. Females F5-F10 did not lay (DNL) eggs. 
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3.5.3 Molecular characterisation of the pPB[DsRed]ß2-EGFP$ lines 
The number of transposon integration events in the pPB[DsRed]p2-EGFPs ß2-egfps- 
2 lines was then determined by Southern blot analysis. Genomic DNA was 
extracted from G3 adult female mosquitoes of the putative three different lines and 
digested with HindIIl, which cuts internally to each of the piggyBac inverted repeats, 
and hybridised with probe pPB, which encompasses both inverted repeats of the 
transposable element (Figure 3.14a). Hence, two hybridisation bands were 
expected for each integrated piggyBac element. Digestion of the three transgenic 
lines confirmed that all (32-egfps-2 lines had a single insertion event (Figure 3.14b). 
All lines gave a single hybridising band, possibly corresponding to a double band. 
Significantly, lines (32-egfps-21 and ß2-egfpS-23 were duplicated, as demonstrated by 
their identical band pattern. Consequently, line ß2-egfps-23 was discarded. In 
summary, a total of two unique single integration events were recovered, ß2-egfps-21 
and ß2-egfpS-22. 
Collectively, the ease with which these lines were generated clearly 
highlights the potential power of the Go /32-EGFP male marker in dramatically 
increasing the efficiency of developing transgenic A. stephensi mosquitoes. This 
was achieved by vastly reducing the number of outcrosses needed and the number 
of G, progeny having to be screened. Moreover, the observation that the /32-tubulin 
regulatory regions of A. gambiae have a tight sex-specific expression in A. stephensi 
argues that /32-EGFP expression may serve as a robust and common Go ß2-EGFP 
male marker in less genetically amenable mosquito species, in particular those 
belonging to the A. gambiae complex, such as A. arabiensis. 
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Figure 3.14 Plasmid pPB[DsRed]ß2-EGFPS and Southern blot analysis of transgenic lines. (a) 
Schematic representation of transformation vector pPB[DsRed]ß2-EGFP,. P2 5' Reg, A. gambiae 
(KWA) ß2-tubulin 5' regulatory region; ß2 3' Reg, A. gambiae (KWA) ß2-tubulin 3' regulatory region; 
3xP3, D. melanogaster synthetic Pax-6 eye promoter; SV40T, SV40 terminator; EGFP, enhanced 
green fluorescent protein reporter; DsRed, red fluorescent protein selectable marker. EGFP and 
DsRed genes are indicated by green and red arrows, respectively. pBL, piggyBac left arm; pBR, 
piggyBac right arm. H, Hindill. Probe encompassing pBL and pBR (pPB) is indicated by black bars. 
A1 kb scale bar is shown. (b) Southern blot analyses of genomic DNA from three transgenic lines 
(and WT mosquitoes) digested with Hindill and hybridized with probe pPB. Sizes are indicated in 
kb. WT, wild-type; 21-3, lines ß2egfps-2i-3. The asterisks indicate the two unique transgenic lines 
obtained. 
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4.1 Testing the Feasibility of Utilising the Ga14/UAS System to Induce 
Sterility in Anopheles Mosquitoes 
After investigating the expression profile of Ag132tub in A. stephensi, the next 
objective was to generate sterility in Anopheles male mosquitoes, by mimicking 
studies using f33-tubulin previously performed in Drosophila (Hoyle and Raff, 1990; 
Hoyle et al., 1995). In these studies ß3-tubulin was expressed in a ß2-tubulin 
pattern. ß3-tubulin confers male sterility if it comprised 20% or more of the total 
tubulin pool in post-mitotic male germ cells (Hoyle and Raff, 1990), and Hoyle et al. 
(1995) demonstrated that male sterility was generated whether ß3-tubulin was co- 
expressed in a 1: 1,1: 2 or 1: 3 ratio with ß2-tubulin. 
In an attempt to drive Ag/33tub in an Ag/32tub pattern, it was decided that the 
Gal4/UAS bipartite system (Brand and Perrimon, 1993) would be employed. The 
rationale for this is that this system, utilised in a broad range of organisms and cell 
lines (Fisher et al., 1988; Ma et at., 1988; Webster et al., 1988), allows greater 
control of target gene expression with no overt deleterious phenotypic effects, as 
previously described (see introduction). Prior to generating transgenic A. stephensi 
mosquitoes, it was first necessary to determine whether the Gal4/UAS system could 
function in an Anopheles system. 
4.1.1 The Gal4/UAS system is functional in the Sua 4.0 cell line 
To test the suitability of the Gal4/UAS system in Anopheles, a series of transient 
transfections were performed in the A. gambiae Sua 4.0 neonatal cell line. If 
functional in the Sua 4.0 cell line, it was envisaged that the system could be 
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functional at the organism level. The Drosophila Actin5C promoter, known to be 
functional in mosquito cell lines (Zhao and Eggleston, 1999; Brown et al., 2003a), 
was chosen to drive Ga14 from plasmid pSLfaActin5C-Ga14. The responder 
plasmid, pSLfaUAS-EYFP contained the UAS modules and EYFP reporter gene. It 
was anticipated that cells transfected with both plasmids would be fluorescent, 
following the binding of Ga14 to the UAS elements, whilst cells containing only one 
of the Gal4/UAS components will not. An additional plasmid, pMinEYFP (Appendix 
I, e), a minos-based plasmid that contains the EYFP reporter gene under the control 
of the Actin5C promoter, was used as a control for transfection efficiency, since 
pSLfaActin5C-Gal4 does not contain a visible marker. 
Transfections with control plasmid, pMinEYFP, resulted in high levels of 
EYFP expression in Sua 4.0 cells (Figure 4.1a). In contrast, no EYFP expression 
was detected in transfection experiments with plasmids pSLfaActin5C-Ga14 (Figure 
4.1b) or pSLfaUAS-EYFP (Figure 4.1c) alone. Cells co-transfected with plasmids 
pSLfaActin5C-Gal4 and pSLfaUAS-EYFP resulted in EYFP expression, although the 
number of EYFP-positive cells was less than pMinEYFP alone (Figure 4.1d). 
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Figure 4.1. Gal4/UAS transfection studies in A. gambiae Sua 4.0 cells. Images were captured 
using a Nikon inverted microscope with an attached Nikon DXM1200 digital camera, using constant 
camera settings. Sua 4.0 cells were plated at a density of 3x 105 cells/mL in 24 well plates and 
allowed to settle for 24 h prior to transfection. All cells were transfected with 1 µg of the appropriate 
plasmid and visualised 48 h post transfection. (a) Control plasmid, pMinEYFP. (b) Driver plasmid 
alone, pSLfaActin5C-Gal4. (c) Responder plasmid alone, pSLfaUAS-EYFP. (d) Co-transfection with 
driver- and responder-plasmids, pSLfaActin5C-Ga14 and pSLfaUAS-EYFP. 
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4.2 Generation of pPB[EGFP]ß2-Ga14 and pPB[DsRed]UAS-ß83 
After assessing the feasibility of using the Gal4/UAS system in Anopheles cells, a 
series of transformation vectors were designed with the aim of generating sterility in 
Anopheles male mosquitoes. A driver construct, pPB[EGFP]p2-Gal4, containing 
Ga14 under the control of the ß2-tubulin regulatory regions, and a responder 
construct pPB[DsRed]UAS-p3, to drive %33-tubulin upon Ga14 activation, were 
generated. 
4.2.1 Generation of the pPB[EGFP]ß2-GaI4 transformation construct 
The 2.0 kb and 1.4 kb A. gambiae Agf32tub regulatory regions previously shown to 
be able to drive EGFP expression in sperm cells, were used to transcriptionally 
control the expression of Ga14. The driver gene cassette, ß2-Gal4, was cloned into 
a 3xP3-EGFP-marked piggyBac vector (Horn and Wimmer, 2000) (see materials 
and methods 2.3.3) (Figure 4.2a). Once the pPB[EGFP]ß2-GaI4 construct was 
generated, a series of PCR reactions were performed to assess the orientation of 
the driver and marker cassettes (Figure 4.2b) (see materials and methods 2.3.3). 
The ß2-Ga14 expression cassette was sequenced prior to microinjection and no 
mutations were detected. 
4.2.2 Generation of the pPB[DsRed]UAS-ß3 transformation construct 
The ß3-tubulin coding sequence was placed under the transcriptional control of the 
UAS-hsp70 TATA box module and SV40T terminator from plasmid pP[UAST] 
(Brand and Perrimon, 1993). The responder cassette UAS-ß3 was then cloned into 
a 3xP3-DsRed-marked piggyBac vector (Horn and Wimmer, 2000) (see materials 
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and methods 2.3.4). The orientation of pPB[DsRed]UAS-p3 (Figure 4.3a) was 
assessed by PCR reactions (Figure 4.3b) (see materials and methods 2.3.4) and 
the UAS-ß3 was sequenced before injection. 
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Figure 4.2. PCR analysis of the transformation vector pPB[EGFP]02-Gal4. (a) A schematic 
representation of the pPB[EGFP]ß2-Gal4 transformation vector used to generate transgenic A. 
stephensi. Restriction sites Ascl (A), BamHl (B), EcoRV (E), Hindill (H) and Kpnl (K) used to 
generate the construct are shown. PCR primers (EGFPfor, ß2rev5'Reg, ß2for3'Reg) used to 
determine orientation of the ß2-Gal4 cassette are also shown. The EGFP selectable marker (0.7 
kb) is under the transcriptional control of the 3xP3 eye and neuronal ganglion promoter (3xP3). The 
Ga14 reporter gene (Gal4) (2.9 kb) is under the transcriptional control of 2.0 kb 5'- and 1.4 kb 3'- 
regulatory regions of the putative Agß2tub gene (ß2 5' Reg and ß2 3' Reg). The reporter and 
marker cassettes were cloned within the inverted terminal repeats of piggyBac (grey arrows). pBL, 
piggyBac left inverted repeat; pBR, piggyBac right inverted repeat; SV40T, SV40 terminator region. 
A1 kb scale marker is shown. (b) PCR analysis of pPB[EGFP]ß2-Gal4. The transformation 
construct amplified a 2.6 kb fragment from reaction 1 (R1, EGFPfor and ß2rev5'Reg) and did not 
amplify a 2.0 kb product from reaction 2 (R2, EGFPfor and ß2for3'Reg), which was expected for the 
orientation of the reporter and marker cassettes shown in (a). 
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Figure 4.3. PCR analysis of the transformation vector pPB[DsRed]UAS-ß3. (a) A schematic 
representation of the pPB[DsRed]UAS-ß3 transformation vector. Restriction sites Ascl (A), EcoRl 
(E) and Xbal (X) used to generate the construct are shown. PCR primers (DsRedfor, ß3rev411, 
ß3for781) used to determine orientation of the UAS-ß3 cassette are also shown. The DsRed 
selectable marker is under the transcriptional control of the 3xP3 eye and neuronal ganglion 
promoter (3xP3). The ß3-tubulin reporter gene (ß3-tubulin) (1.4 kb) is under the control of the S. 
cerevisiae UAS module (UAS) (0.1 kb) and the D. melanogaster hsp70 TATA box (hsp70 TATA) 
(0.25 kb). The reporter and marker cassettes were cloned within the inverted terminal repeats of 
piggyBac (grey arrows). pBL, piggyBac left inverted repeat; pBR, piggyBac right inverted repeat; 
SV40T, SV40 terminator region. A1 kb scale marker is shown. (b) PCR analysis of 
pPB[DsRed]UAS-ß3. The transformation construct amplified a 1.6 kb fragment from reaction 1 (R1, 
DsRedfor and ß3rev411) and did not amplify a 1.8 kb product from reaction 2 (R2, DsRedfor and 
ß3for781), was as expected for the orientation of the reporter and marker cassettes shown in (a). 
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4.3 Generation of pPB[EGFP]ß2-Ga14 and pPB[DsRed]UAS-p3 
Transgenic Lines 
4.3.1 Development of A. stephensi lines expressing pPB[EGFP]ß2-Gal4 
A total of 260 A. stephensi embryos were injected with the pPB[EGFP]p2-Gal4 
transformation construct together with phsp-pBac, which provided the source of 
transposase required to mediate piggyBac transposition. From 70 adults surviving 
injection (26.9%), a total of 74 transgenic G, progeny was obtained from 10,422 
larvae screened (0.71 %), generating six putative independent transgenic lines: three 
from male group C ((32-gal4-C1_3) and three from individual female 16 (ß2-egfp-161_3) 
(Table 4.1). This gave a minimum transformation frequency of 2.9% (at least two 
founders from 70 adults). The G, 3xP3-EGFP phenotype of the different lines was 
similar to the middle panels of figure 4.12. Of the 40 Go females surviving injections, 
11 did not produce any progeny after repeated feedings, accounting for an 
estimated infertility rate of approximately 27.5%. Because of the group-mating 
procedure employed, it was not possible to derive an estimate of male sterility. 
Segregation analysis of the EGFP marker (data not shown) suggested that lines ß2- 
gal4-Cj, ß2-gal4-C3 and (32-gal4-161.3 had single insertion events whereas ß2-gal4- 
C2 had multiple insertion events. 
The number and nature of transposon integration events in the pPB[EGFP] 
ß2-Gal4 lines was determined by Southern blot analysis. Genomic DNA from G3 
adults was digested with Hindill restriction endonuclease, which cuts internally to 
each of the piggyBac inverted repeats, and hybridised with probe pPB as described 
before (Figure 4.4a). The Southern blot results confirmed the different molecular 
origins of all the lines (Figure 4.4b). Lines (32-gal4-C,, ß2-gal4-C3, ß2-gaI4-16, and 
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ß2-gal4-163 gave a single hybridising band of varying sizes. Double bands, or 
bands being too large and therefore too faint for detection, may explain the absence 
of a second hybridising band in these lines. Line (32-gaI4-162 gave two hybridising 
bands while three hybridising bands were detected in line ß2-gal4-C2. The largest 
band is identical to the single band from line ß2-gal4-C3, indicating that line ß2-gal4- 
C2 most likely was derived from (32-gal4-C3. 
In summary, six separate integration events were recovered: three from male 
group C ((32-gal4-C,, (32-gal4-C2 and ß2-gaI4-C3); and three from female 16 (p2- 
gai4-161, ß2-gai4-162 and (32-gaI4-163). 
Table 4.1. Outcome of A. stephensi pPB[EGFP]ß2-GaI4 injections. 
Embryos Hatched Surviving WT outcross Group/ Fluorescent/ total Gi 
Injected Larvae Go Adults founder 
260 98 (37.3%) 70 (26.9%) 8 males 
11 males 
11 males 
40 females 
A 0/3,009 
B 0/2,504 
C 40/2,184*** 
Total 34/2,725 
No. 16 34/106*** 
74/10,422 
Injection experiments were performed on WT A. stephensi embryos using a mixture of transformation 
vector pPB[EGFP](32-Gal4 (400 . g/mL) and helper plasmid phsp-pBac 
(100 [tg/mL). The total 
numbers of injected embryos, hatched larvae, and surviving Go adults are shown. The percentages of 
embryos that hatched and survived to adulthood are indicated in parenthesis. The number of Go adults 
that were outcrossed to WT mosquitoes, and the group or founder name is shown. For each male 
group or founder, the number of G1 larvae screened is shown and the asterisks indicate the number of 
putative EGFP phenotypes observed within the Gi founders by microscopic analysis. 
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Figure 4.4. Plasmid pPB[EGFP]ß2-Gal4 and Southern blot analysis of transgenic lines. (a) 
Schematic representation of transformation vector pPB[EGFP][32-Gal4. P2 5' Reg, A. gambiae ß2- 
tubulin 5' regulatory region; ß2 3' Reg, A. gambiae ß2-tubulin 3' regulatory region; 3xP3, D. 
melanogaster synthetic Pax-6 eye promoter; SV40T, SV40 terminator; Ga14, coding sequence of the 
Saccharomyces cerevisiae transcription factor, Ga14; EGFP, EGFP selectable marker, indicated by 
a green arrow. pBL, piggyBac left arm; pBR, piggyBac right arm. H, Hindill. Probe pPB is 
indicated by black bars. A1 kb scale bar is shown. (b) Southern blot analyses of genomic DNA 
from six transgenic lines (and WT mosquitoes) digested with Hindill restriction endonuclease and 
hybridized with probe pPB. The size marker is in kb. WT, wild-type; C13, lines ß2-gal4-Cl-3; 161-3, 
line ß2-gal4-161.3. The asterisks indicate the six unique transgenic lines obtained. 
H 
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4.3.2 Development of A. stephensi lines expressing pPB[DsRed]UAS-p3 
A total of 173 A. stephensi embryos were injected with the pPB[DsRed]UAS-p3 
transformation construct together with phsp-pBac (Table 4.2). From 74 adults 
surviving injection (42.8%), a total of five putative independent transgenic lines were 
obtained from female founder 30 (uas-(33-301.5), which produced 70 transgenic G, 
progeny, giving a transformation frequency of 1.35% (one founder from 70 adults). 
Nine Go females of the 40 surviving injections did not produce any progeny after 
repeated feedings, accounting for an estimated infertility rate of 22.5%. Segregation 
analysis of the DsRed marker suggested that lines uas-p3-301 and uas-ß3-303 had 
single insertion events whereas uas-(33-302, uas-ß3-304 and uas-ß3-305 had multiple 
insertion events (data not shown). 
The number of transposon integration events in the pPB[DsRed]UAS-ß3 
lines was determined by Southern blot analysis. Genomic DNA from G3 adults was 
digested with EcoRl restriction endonuclease, which cuts internally to each of the 
piggyBac inverted repeats, and hybridised with probe pPB (Figure 4.5a). 
Hybridisation confirmed that lines uas-ß3-301 and uas-ß3-303 had single insertion 
events as shown by a single hybridising band (Figure 4.5b). Lines uas-ß3-302, uas- 
p3-304 and uas-ß3-305 all gave four or more hybridising bands that would be 
expected if multiple integration events had occurred. The banding pattern of lines 
uas-ß3-302 and uas-p3-304 indicated that the two lines were identical and 
consequently, line uas-p3-304 was discarded. Line uas-ß3-305 gave approximately 
10 hybridising bands indicating the presence of five or more insertion events. The 
single band in uas-p3-301 appears also in line uas-ß3-305 indicating that uas-ß3-305 
may have been generated from further downstream integration events of uas-ß3- 
301. Line uas-ß3-303 also has an additional two faint larger bands. The segregation 
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data suggests that the double band may be the result of two insertions on the same 
chromosome, or perhaps may be due to insertion site polymorphism. 
In summary, four separate integration events were recovered: two single 
insertion lines uas-ß3-30, and uas-p3-303, and two multiple insertion lines uas-ß3- 
302 and uas-(33-305. 
Table 4.2. Outcome of A. stephensi pPB[DsRed]UAS-ß3 injections. 
Embryos Hatched Surviving WT outcross Group/ Fluorescent/ total G, 
Injected Larvae Go Adults founder 
173 90 (52.0%) 74 (42.8%) 9 males 
9 males 
8 males 
8 males 
40 females 
A 0/4,428 
B 0/3,822 
C 0/2,786 
D 0/2,263 
Total 70/2,738 
No. 30 70/125***** 
70/16,037 
Injection experiments were performed on WT A. stephensi embryos using a mixture of transformation 
vector pPB[DsRed]UAS-ß3 (400 [tg/mL) and helper plasmid phsp-pBac (100 Jig/ml-). The total 
numbers of injected embryos, hatched larvae, and surviving Go adults are shown. The percentages of 
embryos that hatched and survived to adulthood are indicated in parenthesis. The number of Go adults 
that were outcrossed to WT mosquitoes, and the group or founder name is shown. Asterisks indicate 
the number of putative DsRed phenotypes observed within the G, progeny of female founder 30. 
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Figure 4.5. Plasmid pPB[DsRed]UAS-ß3 and Southern blot analysis of transgenic lines. (a) 
Schematic representation of transformation vector pPB[DsRed]UAS-ß3.3xP3, D. melanogasfer 
synthetic Pax-6 eye promoter; SV40T, SV40 terminator; UAS, S. cerevisiae upstream activation 
sequence; hsp70 TATA, heat shock protein 70 TATA box; DsRed, DsRed selectable marker; ß3- 
tubulin, A. gambiae ß3-tubulin coding sequence; pBL, piggyBac left arm; pBR, piggyBac right arm. 
E, EcoRl. Probe pPB is indicated by black bars. A1 kb scale bar is shown. (b) Southern blot 
analyses of genomic DNA from five transgenic lines (and WT mosquitoes) digested with EcoRl 
restiction endonuclease and hybridized with probe pPB. The size marker is in kb. WT, wild-type; 
301-5, lines uas-ß3-30i.. The asterisks indicate the four unique transgenic lines obtained. 
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4.4 Test Crosses between pPB[EGFP]ß2-Gal4 and pPB[DsRed]UAS-p83 
To study if over-expressing /33-tubulin in a /32-tubulin pattern could induce sterility, 
double transgenic ß2-GaI4 (green)/UAS-(33 (red) male adults were crossed with WT 
virgin females. If the Ga14/UAS system is functional in whole mosquitoes then the 
expression of /33-tubulin in a ß2-tubulin pattern should induce sterility in males, as 
previously shown in Drosophila. To produce ß2-Gal4/UAS-p3 double transgenic 
individuals, initial crosses contained 15 pPB[EGFP](32-Gal4 males (from lines C1, C2, 
162) and 15 pPB[DsRed]UAS-(33 females (from lines 301,303,305) with blood 
feeding following five days of group mating. All combinations of crosses between 
the 62-Ga14 driver lines and UAS-(33 responder lines were performed. Double 
transgenic progeny were identified and collected (Table 4.3). 
Two parameters, which would offer a rapid observational experimental 
framework, were analysed when considering the sterility of test males. The first 
parameter examined the ability of females to lay eggs following mating. If the 
double transgenic test males were sterile, one would expect females from such a 
cross to lay no eggs, or a few `sterile' eggs, following multiple blood feeding 
opportunities. If the males were not sterile, one would expect such females to lay 
similar numbers of eggs to females crossed with WT males. The second parameter 
examined the ability of laid eggs to hatch. If the double transgenic males were 
sterile, one would expect laid eggs not to hatch, since they would not be fertilised. 
In contrast, if the test males were not sterile, one would expect the number of eggs 
that hatch to be similar to that observed from a cross with WT males. 
For each test cross, a total of 15 heterozygous double transgenic males 
were group mated with 15 WT virgin females. The remaining double transgenic 
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individuals were grouped and intercrossed. As a control, a cross containing 15 WT 
males and 15 WT females was set up. Following a blood meal females were 
allowed to lay eggs in a common reservoir. No significant differences in egg 
numbers laid by females mated with double transgenic males, compared to those 
laid by females from the WT cross, were observed. In addition, larval numbers 
generated from all test crosses were similar to those obtained from the WT cross 
(Table 4.3). Moreover, double transgenic progeny from each ß2-Gal41UAS-ß3 cross 
were successfully intercrossed for three generations without any obvious depletion 
in egg or larval numbers. This is important as the intercrosses contained 
heterozygous and homozygous males as determined by fluorescent microscope 
analysis. Collectively, these findings indicate that sterility was not induced in the 
double transgenic males. 
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Table 4.3. Outcome of ß2-Gal4/UAS-ß3 test crosses. 
ß2-Gal4 UAS-ß3 
males females 
Parameters 
Egg lay Larval numbers 
C1 301 As WT As WT 
Ci 303 As WT As WT 
C1 305 As WT As WT 
C2 301 As WT As WT 
C2 303 As WT As WT 
C2 305 As WT As WT 
162 301 As WT As WT 
162 303 As WT As WT 
162 305 As WT As WT 
The ß2-Gal4 and UAS-ß3 lines used to generate the double transgenic males are shown. In all 
crosses, a total of 15 ß2-Gal4 males and 15 UAS-(33 females were group mated. Approximately 50 
double transgenic 1st instar larvae were collected and male adults separated. The varying double 
transgenic ß2-Gal41UAS-ß3 adult males were then crossed with 15 virgin WT female mosquitoes. 
Following five days of group mating, females were blood fed and observations of egg batch numbers 
and larval numbers were compared with WT control crosses. For the WT cross, approximately 1,000 
eggs were laid and approximately 85% (850) hatched to give larvae. For both parameters, no 
significant difference was detected between WT crosses and double transgenic crosses (as WT). 
-163- 
Results: chapter 4 
4.4.1 ß2-gal4-C, is an X-linked transgenic line 
Adults emerging from crosses involving ß2-gal4-C, males exhibited a clear female- 
specific sex bias in expression of the transformation marker gene. This sex bias 
would be expected if the transgene had been inserted in the X-chromosome. To 
investigate whether the transposon insertion within the (32-gal4-C, line was X-linked, 
a series of crosses involving 15 WT females and 15 (32-gal4-C, males were 
performed. If the insertion was X-linked, one would expect all EGFP positive 
progeny collected to emerge as females and all WT progeny to emerge as males 
(Figure 4.6). From two consecutive crosses performed, a total of 764 larvae were 
screened, 402 of which displayed a typical 3xP3-EGFP expression profile, and 362 
had a WT phenotype. All 379 surviving (94.3%) EGFP positive individuals emerged 
as females whereas all 342 surviving (94.5%) WT progeny emerged as males. 
These data demonstrate that the transposon insertion in line ß2-gal4-C, is X-linked. 
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Figure 4.6. Distribution of the EGFP marker in a cross between WT females and X-linked 
males. A schematic representation of the expected genotype and phenotype of progeny produced 
from a cross between wild-type (WT) females and ß2-gal4-Ci males containing an X-linked copy of 
the 3xP3-EGFP marked transposon (X, transposon indicated by green circle). All G1 progeny that 
are positive for the EGFP marker are expected to emerge as transgenic females whereas all WT 
G1 progeny are expected to emerge as males. 
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4.5 Investigating the Feasibility of EYFP as a Marker and the Ga141UAS 
System in a Transient Setting 
4.5.1 Transient injections with Actin5C-EYFP and Actin5C-RFP 
Since male sterility had not been induced, as determined by egg and hatched larval 
numbers, it was decided to test the functionality of known Gal4-driver and UAS- 
responder components in A. stephensi mosquitoes. As a first step, transient 
injections were first performed to determine if EYFP was a suitable marker in A. 
stephensi, as it had not been previously used in transgenic mosquitoes. A total of 
251 WT A. stephensi embryos were co-injected with a mixture of pMinEYFP and 
pMiRED (Brown et al., 2003a), containing the EYFP and DsRed reporter genes 
under the control of the Actin5C promoter respectively and analysed for 
fluorescence phenotypes at the larval stage. A total of 111 larvae (44.2%) hatched 
and 15 larvae (6.0%) exhibited EYFP and DsRed expression in the gut region 
(Figure 4.7a), as previously observed by Brown et al. (2003a). Importantly, the 
pattern of EYFP expression exactly overlapped that of DsRed. This data 
demonstrates that EYFP is a suitable marker in A. stephensi. 
4.5.2 Transient injections with Actin5C-RFP, Actin5C-GaI4 and UAS-EYFP 
As EYFP was shown to be a suitable marker, it was next decided to determine the 
efficiency of the Ga14/UAS system in a transient setting. For this purpose the same 
plasmids that were shown to function in transient Sua 4.0 cell transfections were 
used. A total of 282 WT A. stephensi embryos were injected with a mixture of 
pMiRED (control), pSLfaActin5C-Gal4 and pSLfaUAS-EYFP and their fluorescence 
phenotypes analysed at the larval stage. Both EYFP and DsRed expression could 
be observed in a small percentage of larvae (3.6%) (Figure 4.7b). Interestingly, 
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however, the expression profiles of the two reporter genes did not overlap in many 
areas. DsRed expression was essentially contained in the gut region with some 
expression in the posterior periphery, as previously shown, whereas the majority of 
EYFP expression was detected in the posterior region in large clusters of cells. 
These results indicate that Ga14 is expressed from the pSLfaActin5C-Gal4 
driver plasmid and is able to drive EYFP expression from the pSLfaUAS-EYFP 
responder plasmid in A. stephensi, although the expression profile differs from 
expected. 
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Figure 4.7. Fluorescent microphotographs of transient DsRed and EYFP expression. Images 
were captured 48 h post injection using a Nikon inverted microscope with an attached Nikon 
DXM1200 digital camera, using constant settings. The transient expression profiles of DsRed and 
EYFP in WT A. stephensi 1st instar larvae are shown when (a) injected with a mixture of pMiRED (400 
pg/mL, control) and pMinEYFP (400 pg/mL) or (b) a mixture of pMiRED (400 pg/mL, control), 
pSLfaActin5C-Gal4 (400 pg/mL) and pSLfaUAS-EYFP (400 pg/mL). DsRed and EYFP expression, 
when driven by the Actin5C promoter alone, is contained within the larval gut region. When driven 
from the Actin5C-Gal4 driver, the EYFP expression profile changes dramatically. 
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4.6 Generation of pPB[EGFP]Actin5C-Gal4 and pPB[DsRed]UAS-EYFP 
Transgenic Lines 
To determine whether a similar EYFP expression profile could be generated in 
transgenic A. stephensi individuals, transgenic lines were generated which 
expressed the Actin5C-GaI4 and the UAS-EYFP cassettes. Transformation vector 
pPB[EGFP]Actin5C-Gal4 was generated by cloning the driver gene cassette, 
Actin5C-GaI4, from pSLfaActin5C-Ga14 into an EGFP-marked piggyBac vector (see 
materials and methods 2.3.6) (Figure 4.8a, b). The responder plasmid 
pPB[DsRed]UAS-EYFP was generated by cloning the responder cassette, UAS- 
EYFP, into a 3xP3-DsRed-marked piggyBac vector (Horn and Wimmer, 2000) (see 
materials and methods 2.3.5) (Figure 4.9a, b). Both constructs were sequenced 
prior to microinjection and successfully tested in Sua 4.0 cells (data not shown). 
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Figure 4.8. PCR analysis of the transformation vector pPB[EGFP]Actin5C-Gal4. (a) A 
schematic representation of the pPB[EGFP]Actin5C-Gal4 transformation vector. Restriction sites 
Ascl (A), EcoRl (E), BamHl (B) and Not! (N) used to generate the construct are shown. PCR 
primers (EGFPstart, Act5Crevl65, Gal4forl952) used to determine the orientation of the Actin5C- 
Ga14 cassette are also shown. The EGFP selectable marker is under the transcriptional control of 
the 3xP3 eye and neuronal ganglion promoter (3xP3). The Ga14 transcription factor (Gal4) is under 
the transcriptional control of the 2.5 kb D. melanogasterActin5C promoter (Actin5C). The reporter 
and marker cassettes were cloned within the inverted terminal repeats of piggyBac (grey arrows). 
pBL, piggyBac left inverted repeat; pBR, piggyBac right inverted repeat; SV40T, SV40 terminator 
region; Hsp70T, D. melanogaster hsp70 terminator (0.25 kb). A1 kb scale marker is shown. (b) 
PCR analysis of pPB[EGFP]Actin5C-Gal4. The transformation construct amplified a 1.2 kb 
fragment from reaction 1 (R1, EGFPstart and Act5Crev165) and did not amplify a 2.2 kb product 
from reaction 2 (R2, EGFPstart and Gal4forl 952), as expected for the orientation of the reporter and 
marker cassettes shown in (a). 
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Figure 4.9. PCR analysis of the transformation vector pPB[DsRed]UAS-EYFP. (a) A schematic 
representation of the pPB[DsRed]UAS-EYFP transformation vector. Restriction sites Ascl (A) and 
Xbal (X) used to generate the construct are shown. PCR primers (DsRedfor, EYFPforXbal, 
EYFPrevXbal) used to determine orientation of the UAS-EYFP cassette are also shown. The 
DsRed selectable marker is under the transcriptional control of the 3xP3 eye and neuronal ganglion 
promoter (3xP3). The EYFP reporter gene (EYFP) (0.7 kb) is under the control of the S. cerevisiae 
UAS module (UAS) and the D. melanogaster hsp70 TATA box (hsp70 TATA). The reporter and 
marker cassettes were cloned within the inverted terminal repeats of piggyBac (grey arrows). pBL, 
piggyBac left inverted repeat; pBR, piggyBac right inverted repeat; SV40T, SV40 terminator region. 
A1 kb scale marker is shown. (b) PCR analysis of pPB[DsRed]UAS-EYFP. The transformation 
construct amplified a 2.0 kb fragment from reaction 1 (R1, DsRedfor and EYFPrevXbal) and did not 
amplify a 2.0 kb product from reaction 2 (R2, DsRedfor and EYFPforXbal), as expected for the 
orientation of the reporter and marker cassettes shown in (a). 
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4.6.1 Development of A. stephensi lines expressing pPB[EGFP]Actin5C-Gal4 
A total of 488 A. stephensi embryos were injected over two consecutive experiments 
with the pPB[EGFP]Actin5C-Ga14 transformation construct together with phsp-pBac 
(Table 4.4). From 164 adults surviving injection (33.6%), a total of seven transgenic 
G, progeny was obtained from 30,571 larvae screened (0.02%), generating four 
putative independent transgenic lines from a single individual, female 47 (actin5C- 
gaI4-471.4). This gave a transformation frequency of 0.61 % (one founder from 164 
adults). In these sets of injections, 16 out of 69 females did not produce any 
progeny after repeated feedings, accounting for an estimated infertility rate of 
approximately 23.2%. Segregation analysis of the EGFP marker suggested that all 
actin5C-gal4-47 lines contained a single insertion event (data not shown). 
The nature of transposon integration events in the pPB[EGFP]Actin5C-Ga14 
lines was determined by Southern blot analysis. Genomic DNA from G3 adults was 
digested with BamHI restriction endonuclease, and hybridised with probe pPB 
(Figure 4.1 Oa). The Southern blot showed that the four putative phenotypes indeed 
corresponded to two unique transgenic lines (Figure 4.1 Ob). 
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Table 4.4. Outcome of A. stephensi pPB[EGFP]Actin5C-Ga14 injections 
Embryos 
Injected 
Hatched 
Larvae 
Surviving 
Go Adults 
WT outcross Group/ 
founder 
Fluorescent/ total G, 
254 115(45.3%) 78(30.7%) 7 males A 0/2,656 
4 males B 0/2,338 
9 males C 0/2,576 
8 males D 0/1,869 
8 males E 0/1,574 
8 males F 0/2,158 
4 males G 0/1,695 
30 females Total 0/1,844 
234 111 (47.4%) 86(36.8%) 8 males H 0/1,815 
8 males I 0/1,788 
8 males J 0/1,542 
8 males K 0/1,843 
8 males L 0/1,884 
7 males M 0/1,977 
39 females Total 7/2,976**** 
47 7/101 **** 
7/30,571 
Injection experiments were performed on WT A. stephensi embryos using a mixture of transformation 
vector pPB[EGFP]Actin5C-Gal4 (400 µg/mL) and helper plasmid phsp-pBac (100 µg/mL). The total 
numbers of injected embryos, hatched larvae, and surviving Go adults are shown. The percentages of 
embryos that hatched and survived to adulthood are indicated in parenthesis. The number of Go adults 
that were outcrossed to WT mosquitoes, and the group or founder name is shown. For each male 
group or female founder, the number of G, larvae screened is shown and the asterisks indicate the 
number of putative EGFP phenotypes observed within the G, founders by microscopic analysis. 
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Figure 4.10. Plasmid pPB[EGFP]Actin5C-Gal4 and Southern blot analysis of transgenic lines. 
(a) Schematic representation of transformation vector pPB[EGFP]Actin5C-Gal4.3xP3, D. 
melanogaster synthetic Pax-6 eye promoter; SV40T, SV40 terminator; Actin5C, D. melanogaster 
Actin5C promoter; Hsp70T, D. melanogaster hsp70 terminator; EGFP, EGFP selectable marker; 
Ga14, coding sequence of Gal4; pBL, piggyBac left arm; pBR, piggyBac right arm. B, BamHl. Probe 
pPB is indicated by black bars. A1 kb scale bar is shown. (b) Southern blot analyses of genomic 
DNA from 4 transgenic lines digested with BamHl restriction endonuclease and hybridized with 
probe pPB. The size marker is in kb. 471.4, actin5C-gal4-471.4. The asterisks indicate the 2 unique 
transgenic lines obtained. 
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4.6.2 Development of A. stephensi lines expressing pPB[DsRed]UAS-EYFP 
A total of 510 A. stephensi embryos were injected with the pPB[DsRed]UAS-EYFP 
transformation construct together with phsp-pBac. From 94 adults surviving 
injection (18.4%), a total of 110 transgenic G, progeny was obtained from 15,987 
larvae screened (0.69%) (Table 4.5), generating five independent lines: one each 
from male groups C (uas-eyfp-Cl) and F (uas-eyfp-F, ), and one each from female 
founders 12 (uas-eyfp-121), 26 (uas-eyfp-261) and 34 (uas-eyfp-341). This gave a 
transformation frequency of 5.32% (five founders from 94 adults). The G, 3xP3- 
DsRed phenotype of the different lines was similar to the right hand panels of figure 
4.12. From a total of 45 Go females surviving injections, 11 did not produce any 
progeny after repeated feedings, accounting for an estimated infertility rate of 
24.4%. Segregation analysis of the DsRed marker (data not shown) suggested that 
lines uas-eyfp-C,, uas-eyfp-Fl, uas-eyfp-12, and uas-eyfp-34, had single insertion 
events whereas uas-eyfp-26, had multiple insertion events. 
As shown before, the number of transposon integration events in the 
pPB[DsRed]UAS-EYFP lines was determined by Southern blot analysis by digesting 
genomic DNA from G3 adults with EcoRl restriction endonuclease, and hybridising 
with probe pPB (Figure 4.11a). Hybridisation suggested that all lines, except uas- 
eyfp-261, had single insertions (Figure 4.11 b). Lines uas-eyfp-F, and uas-eyfp-34, 
had a single hybridising band, which may represent a double band. Lines uas-eyfp- 
C, and uas-eyfp-121 had two hybridising bands. In contrast, line uas-eyfp-261 had 
four hybridising bands indicating the presence of two integration events (Figure 
4.11 b). 
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Table 4.5. Outcome of A. stephensi pPB[DsRed]UAS-EYFP injections. 
Embryos Hatched Surviving WT outcross Group/ Fluorescent/ total Gi 
Injected Larvae Go Adults founder 
200 51(25.5%) 27 (13.5%) 10 males A 0/1,687 
6 males B 0/1,473 
11 females Total 0/1,048 
310 95(30.6%) 67(21.6%) 8 males C 14/2,662* 
9 males D 0/2,272 
8 males E 0/2,175 
8 males F 36/2,158* 
34 females Total 60/2,512 
12 8/177* 
26 22/64* 
34 30/94* 
110/15,987 
Injection experiments were performed on WT A. stephensi embryos using a mixture of transformation 
vector pPB[DsRed]UAS-EYFP (400 µg/mL) and helper plasmid phsp-pBac (100 µg/mL). The total 
numbers of injected embryos, hatched larvae, and surviving Go adults are shown. The percentages of 
embryos that hatched and survived to adulthood are indicated in parenthesis. The number of Go adults 
that were outcrossed to WT mosquitoes, and the group or founder name is shown. For each male 
group or female founder, the number of G, larvae screened is shown and the asterisks indicate the 
number of putative DsRed phenotypes observed within the G1 founders by microscopic analysis. 
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Figure 4.11. Plasmid pPB[DsRed]UAS-EYFP and Southern blot analysis of transgenic lines. 
(a) Schematic representation of transformation vector pPB[DsRed]UAS-EYFP. 3xP3, D. 
melanogaster synthetic Pax-6 eye promoter; SV40T, SV40 terminator; UAS, S. cerevisiae upstream 
activation sequence; hsp70 TATA, heat shock protein 70 TATA box; DsRed, DsRed selectable 
marker; EYFP, EYFP reporter gene; pBL, piggyBac left arm; pBR, piggyBac right arm. E, EcoRl. 
Probe pPB is indicated by black bars. A1 kb scale bar is shown. (b) Southern blot analyses of 
genomic DNA from five transgenic lines (and WT mosquitoes) digested with EcoRl restriction 
endonuclease and hybridized with probe pPB. The size marker is in kb. WT, wild-type; C1, uas- 
eyfp-301; F1, uas-eyfp-Fi; 121, uas-eyfp-12i; 261, uas-eyfp-261; 341, uas-eyfp-34j. 
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4.7 Test Crosses between Gal4-drivers and pPB[DsRed]UAS-EYFP 
Both the ß2-GaI4 and the Actin5C-GaI4 driver lines were tested in crosses with the 
UAS-EYFP responder line. It was reasoned that if the pPB[EGFP]ß2-GaI4 lines 
were functional, double transgenic males generated from a cross with a 
pPB[DsRed]UAS-EYFP line, should exhibit a similar fluorescent expression profile 
as that observed by the pPB[DsRed](32-EGFP lines (see results 3.4.4). To produce 
ß2-Gal4/UAS-EYFP double transgenic individuals, crosses containing 15 
pPB[EGFP]p2-Gal4 females (from lines C1, C2,162) and 15 pPB[DsRed]UAS-EYFP 
males (from lines C1,121,261) were established. 
A total of 3,274 double transgenic 1st instar larvae (Figure 4.12a) (Table 4.6) 
from all crosses were collected and analysed throughout development (Figure 4.12). 
However, EYFP expression was not detected in the 6th abdominal segment, 
corresponding to the developing male gonads, of any 4th instar larva or later 
developmental stage screened (Figure 4.12b, c). A total of 2,925 adults emerged 
(89.3% survival) comprising 1,436 males and 1,489 females (Table 4.6). The 
difference from a 1: 1 ratio was not statistically significant (2=0.96) (p>0.05, d. f. =1) 
suggesting that there was no sex-ratio bias within the double transgenic individuals. 
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Table 4.6. Outcome of ß2-GaI4/UAS-EYFP test crosses. 
ß2-Gal4 
females 
UAS-EYFP 
males 
Early 
larvae Total 
Adults 
Males Females x2 (a) 
Fluorescent 
EYFP 
Testes 
C1 C1 333 300(90.1%) 152 148 0.05 0 
C1 12, 372 343(92.2%) 180 163 0.84 0 
C1 261 409 374 (91.4%) 198 176 1.29 0 
C2 Ci 452 384 (85.0%) 175 209 1.51 0 
C2 12, 426 390 (91.5%) 181 209 2.01 0 
C2 26, 354 313 (88.4%) 162 151 0.39 0 
162 C1 307 275 (89.6%) 130 145 0.82 0 
162 121 300 272 (90.7%) 132 134 0.24 0 
162 26, 321 280 (87.2%) 126 154 2.80 0 
The ß2-Gal4 and UAS-EYFP lines used throughout this study are shown. In all crosses, a total of 15 
ß2-GaI4 males and 15 UAS-EYFP females were group mated. The total numbers of collected double 
transgenic 1st instar larvae are shown. The percentage of larvae that survived to adulthood is 
indicated in parenthesis, and the number of adults that emerged as male and female are also 
indicated. There were no EYFP-positive testes detected from any cross performed. 
e x2 analysis was performed on all test crosses to determine if there was a sex ratio bias (p>0.05, 
d. f. =1). 
-179- 
Results: chapter 4 
Phase Contrast 
(a) 
400ow 
44 6th 
(b) A 7th 
(c) 
Figure 4.12. Fluorescent microphotographs of ß2-Gal4/UAS-EYFP double transgenic 
individuals at different developmental stages. Individuals shown here are derived from a cross 
between lines ß2-gal4-C, and uas-eyfp-12i, and are heterozygous for each transposon insertion. 
Similar phenotypes were observed for all double transgenic progeny derived from the other test 
crosses. The green- and red-fluorescence in the neuronal ganglion and eyes is derived from the 
3xP3-driven selectable markers in ß2-gal4-C, and uas-eyfp-12,, respectively. (a) Double transgenic 
1St instar larva. (b) A typical example of a 4th instar double transgenic larva. No larva screened 
exhibited an EYFP signal in the 6th abdominal segment (white arrow heads). (c) Double transgenic 
male pupa. No male pupa exhibited an EYFP signal in the 6th abdominal segment, corresponding to 
the internal reproductive apparatus (white arrow head). Scale bars, 500 µm (middle panels). 
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To assess whether EYFP expression could be produced with the Actin5C-Gal4 
driver line, reciprocal crosses between Actin5C-Gal4 lines (47, and 473) and UAS- 
EYFP lines (Cl, 121,261) were established which contained 15 individuals of each 
sex. From these crosses, a total of 1,277 double transgenic 1st instar larvae were 
collected and analysed throughout development (Table 4.7). However, no EYFP 
expression could be detected from any individual analysed at any developmental 
stage. All double transgenic individuals exhibited a phenotype similar to that 
previously shown in Figure 4.12. There was no apparent difference in fluorescent 
phenotype observed or percentage adult survival (x2=<0.001) (p>0.05, d. f. =1) of 
double transgenic individuals obtained when the Actin5C-Gal4 cassette originated 
from male or female parents (Table 4.7). 
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Table 4.7. Outcome of Actin5C-GaI4/UAS-EYFP test crosses. 
Actin5C- 
Ga14 males 
UAS-EYFP 
females 
Early 
larvae 
Number of 
Adults 
Fluorescent 
EYFP phenotype 
471 C1 121 111 (91.7%) 0 
471 12, 157 140 (89.2%) 0 
471 261 99 89 (89.9%) 0 
473 C1 111 96 (86.4%) 0 
473 121 107 99 (92.5%) 0 
473 261 90 80 (88.9%) 0 
Actin5C- 
Ga14 females 
UAS-EYFP 
males 
Early 
larvae 
Number of 
Adults 
Fluorescent 
EYFP phenotype 
471 C1 90 80 (88.9%) 0 
471 12, 101 94(93.1%) 0 
471 26, 110 100 (90.9%) 0 
473 C1 99 89 (89.9%) 0 
473 12, 87 75 (86.2%) 0 
473 261 105 97 (92.4%) 0 
The Actin5C-GaI4 and UAS-EYFP lines used throughout this study are shown. In all crosses, a total of 
15 males and 15 females were group mated. The total numbers of collected double transgenic 1st 
instar larvae are shown. The percentage of larvae that survived to adulthood is indicated in 
parenthesis. No individual exhibited an EYFP-positive phenotype from any cross performed. The top 
part of the table summarises crosses between Actin5C-Gal4 males and UAS-EYFP females. The 
bottom part of the table summaries crosses between Actin5C-Ga14 females and UAS-EYFP males 
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4.8 Analysis of the Ga/4 Cassette from ß2-Gal4 and Actin5C-Gal4 
Transgenic Lines 
4.8.1 Analysing the integrity of the Ga14 coding sequence 
No EYFP expression was detected when driver lines ß2-Ga14 or Actin5C-Ga14 were 
crossed with several UAS-EYFP responder lines. Although the ß2-Ga14 and 
Actin5C-Ga14 cassettes were sequenced prior to microinjection, a mutation within 
the promoter-Ga/4 junction may have ocurred or part of the promoter-Ga/4 cassette 
may have been deleted post integration, rendering them non-functional. The 
phenomenon of losing part of a transgene cassette was previously demonstrated by 
Brown et al. (2003b), in which all their transgenic lines contained the selectable 
marker cassette but the reporter cassette had somehow been excised post 
integration in two transgenic lines rendering them non-functional. 
PCR was performed on genomic DNA from lines j32-gal4-C,, ß2-gaI4-162, 
actin5C-gaI4-47, and actin5C-gai4-473 mosquitoes. Since the coding sequence of 
Ga14 is very large (2.9 kb), it was decided to amplify Gal4 as three smaller 
fragments. Reactions were performed with the respective transformation vector as 
a control for expected fragment sizes (Figure 4.13 (I)). An 828 bp fragment, 
containing 130 bp of the /32-tubulin 5'-regulatory region and 698 bp of the Ga14 
sequence, was successfully amplified from the pPB[EGFP]p2-Gal4 control vector 
and both ß2-Ga14 lines (Figure 4.13 (Ila)). These junctions were sequenced and no 
mutations or frameshifts were detected. An 1,221 bp fragment, containing 523 bp of 
the Actin5C promoter and 698 bp of the Ga14 sequence, was successfully amplified 
from the pPB[EGFP]Actin5C-Gal4 control vector and both Actin5C-Gal4 lines 
-183- 
Results: chapter 4 
(Figure 4.13 (IId)). These junctions were also sequenced and no mutations or 
frameshifts were detected. 
To ensure the remainder of the Ga14 cassette was present in all Ga14 lines, 
two further reactions were performed to amplify regions of Gal4 spanning positions 
675-1,822 (1,147 bp) (Figure 4.13 (IIb, e)) and positions 1,775-2,889 (1,114 bp) 
(Figure 4.13 (IIc, f)), which extends to the 3'-terminal Hindlll site used for cloning. 
For both reactions, products of the correct size were successfully amplified from 
both control vectors and all promoter-Ga/4 lines (Figure 4.13). For all transgenic 
lines, the additional Gal4 fragments were sequenced and no mutations or 
frameshifts were detected. These data show that the lack of EYFP expression in 
Gal4/UAS double transgenic individuals is not due to deletions in the Gal4 sequence 
of the p2-GaI4 and Actin5C-Ga14 lines. 
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Figure 4.13. Schematic representation of the ß2-GaI4 and Actin5C-Gal4 cassettes and PCR 
analysis of the Gal4 coding sequence from Gal4 transgenic lines. (I) Schematic representation 
of (a), 62-Ga14 and (b) Actin5C-Gal4 cassettes from pPB[EGFP]ß2-Gal4 and pPB[EGFP]Actin5C-Gal4 
vectors, respectively. Positions of fragments to be amplified are shown: ß2-Ga14 junction, an 828 bp 
fragment spanning 130 bp of the ß2-tubulin promoter (green) and 698 bp of the Ga14 coding 
sequence; Actin5C-Gal4 junction, an 1,221 bp fragment spanning 523 bp of the Actin5C promoter 
(blue) and 698 bp of the Ga14 coding sequence; Ga14: 675-1,822, an 1,147 bp fragment across 
positions 675-1,822 of the Gal4 coding sequence; Gal4: 1,775-2,889, an 1,114 bp fragment across 
positions 1,775-2,889 of the Gal4 coding sequence. H, Hindill site. A1 kb scale bar is shown. 
(II) (a-c) Amplified PCR products from genomic DNA of wild-type (WT) female mosquitoes, line ß2- 
gal4-C1 (Cl) and line ß2-gal4-162 (162) are shown. Transformation vector pPB[EGFP]ß2-Gal4 was 
used as a control (ß2-Gal4). (a) ß2-Gal4 junction, (b) Ga14: 675-1,822, (c) Ga14: 1,775-2,889. (d-e) 
Amplified PCR products from genomic DNA of WT mosquitoes, and lines actin5C-gal4-47, (471) and 
actin5C-gal4-473 (473) are shown. Transformation vector pPB[EGFP]Actin5C-Gal4 was used as a 
control (Act5C-Ga14). (d) Actin5C-Gal4 junction, (b) Gal4: 675-1,822, (c) Ga14: 1,775-2,889. 
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4.8.2 RT-PCR analysis of Gal4 transcript levels 
Having verified the integrity of the Ga14 cassette in the ß2-Ga14 and Actin5C-Ga14 
lines, studies next focused on investigating whether the absence of Ga14 transcripts 
could be responsible for the lack of EYFP expression in Gal4/UAS double 
transgenic individuals. Total RNA was extracted from transgenic lines ß2-egfp-C, 
(control), ß2-gal4-C1, f32-gal4-162, actin5C-egfp-ML10 (control), actin5C-gal4-47, 
and actin5C-gal4-473. As a control for the presence of Ga14 transcripts, total RNA 
was also extracted from Sua 4.0 cells transfected with pMinEYFP, and cells co- 
transfected with pSLfaActin5C-Gal4 and pSLfaUAS-EYFP. For RT-PCR analysis, 
an equal amount of RNA from each sample was reverse-transcribed. A negative 
control, lacking reverse transcriptase, was included in each case in order to 
ascertain that genomic DNA was not contaminating the RNA samples. 
The resulting cDNA templates were standardised against the S7 ribosomal 
housekeeping gene using S7-specific primers. In all samples analysed, a 450 bp S7 
fragment was successfully amplified (Figure 4.14). RT-PCR was successfully 
performed on control lines f32-egfp-C, and actin5C-egfp-ML10, previously described 
in the laboratory (Catteruccia and Crisanti, unpublished), using EGFP-specific 
primers to demonstrate that transcripts generated from the ß2-tubulin regulatory 
regions and the Actin5C promoter could be detected. Furthermore, all ß2-GaI4 and 
Actin5C-Gal4 transgenic lines amplified a fragment corresponding to EGFP that was 
derived from the 3xP3-EGFP transformation cassette. WT mosquito samples did 
not amplify an EGFP fragment as expected (Figure 4.14a, b). 
Ga14 expression was analysed using two RT-PCR reactions that were 
specific for the 5' and 3' coding regions of Ga14. Transgenic lines ß2-gaI4-C,, ß2- 
gal4-162, actin5C-gal4-47, and actin5C-gal4-473 successfully amplified fragments of 
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the correct size indicating that Ga14 transcripts were present (Figure 4.14a, b). For 
both Ga14 reactions, WT and control mosquitoes did not amplify any product. It 
must be noted however, that these reactions were not always successful suggesting 
mRNA instability or low levels of this transcript. 
As a control for the presence of Ga/4-specific products, RT-PCR was also 
performed on transfected Sua 4.0 cells. Ga14 transcripts were detected in cells co- 
tranfected with pSLfaActin5C-Ga14 and pSLfaUAS-EYFP and not from un- 
transfected cells or cells transfected with pMinEYFP, as expected (Figure 4.14c). A 
fragment of 720 bp, representing EYFP, was amplified from cells transfected with 
pMinEYFP alone and cells co-transfected with pSLfaActin5C-Gal4 and pSLfaUAS- 
EYFP, where the only source of EYFP is derived from the UAS-EYFP cassette, 
demonstrating the activity of the Actin5C promoter used and the activity of the 
Gal4/UAS system in the Sua 4.0 cell line (Figure 4.14c). 
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Figure 4.14. RT-PCR analysis of Ga/4 expression in 62-GaI4 and Actin5C-Gal4 transgenic lines 
and transfected Sua 4.0 cells. Total RNA was extracted from a number of transgenic and WT 
mosquitoes, and from cells co-transfected with plasmids Actin5C-Gal41UAS-EYFP. RNA was reverse 
transcribed in order to synthesise cDNA. Gal4 expression was analysed using two primer sets 
specific for different regions of the Ga14 coding sequence. The first primer set amplifies a 689 bp 
product from Gal4 positions 3-692 (Gal4: 5'). The second primer set amplifies a 486 bp product from 
Ga14 positions 2,104-2,590 (Gal4: 3'). The activity of the ß2-regulatory regions, Actin5C promoter and 
the Gal4/UAS system (in cell lines), was demonstrated by amplification of the EGFP/EYFP reporter 
gene resulting in a 720 bp product. To control for variations in the amount of cDNA template between 
samples, amplification of the S7 ribosomal housekeeping gene was performed, resulting in a 450 bp 
product. (a) Analysis of ß2-Gal4 transgenic lines. ß2-EGFP, ß2-egfp-Cl; C1, ß2-gal4-Ci; 162, ß2-gal4- 
162. (b) Analysis of Actin5C-Gal4 transgenic lines. Act-EGFP, actin5C-egfp-ML10; 471, actin5C-gal4- 
471; 473, actin5C-gal4-473. (c) Analysis of Sua 4.0 cell transfections. WT, un-transfected; EYFP, 
transfected with pMinEYFP; G/U; co-transfected with pSLfaActin5C-Gal4 and pSLfaUAS-EYFP. 
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4.8.3 Western blot analysis of Ga14 protein expression 
Having shown the presence of Ga14 transcripts in the ß2-GaI4 and Actin5C-Gai4 
lines, Gal4 expression was analysed at the protein level. The Gal4 DNA binding 
domain (DBD) spanning amino acids 1-147 (bp 1-441) is present (Figure 4.13) and 
transcribed (Figure 4.14) in all Ga14 transgenic lines tested, and was chosen for 
antibody targeting. Immunoblots were performed on the same lines as before (ß2- 
gal4-C,, ß2-gal4-162, actin5C-gaI4-471, actin5C-gal4-473) (see materials and 
methods 2.7.4). For ß2-GaI4 lines, total protein extractions from terminal segments 
of male mosquitoes were analysed, whereas total protein extractions from entire 
female mosquitoes were analysed for Actin5C-Gal4 lines. Control samples, ß2- 
egfp-C, and actin5C-egfp-ML10, were run in parallel as a reference for the activity of 
the ß2-tubulin regulatory regions and Actin5C promoter, respectively. 
Visual inspection, by commassie staining, of the total protein extracts 
revealed no major variations between the different mosquito preparations, 
suggesting that the amount of protein loaded for each sample was similar (Figure 
4.15a, d). No Ga14 protein product was detected in any transgenic line via 
immunoblot analysis using a commercially available anti-Ga14 (DBD) mAb (Figure 
4.15b, e). This was very surprising since Ga14 transcripts had previously been 
detected. The control sample, purified Ga14 (DBD 1-147), generated a signal at 42 
kDa, as expected. 
The activity of the ß2-tubulin regulatory regions and the Actin5C promoter 
was confirmed by immunoblot analysis using Aequorea victoria GFP mAb (A. v. GFP 
mAb), a monoclonal antibody that recognises GFP and its enhanced colour variants: 
ECFP, EGFP and EYFP. Samples ß2-egfp-C, and actin5C-egfp-ML10 generated a 
signal at 32 kDa representing EGFP (Figure 4.15c, f) The detection of EGFP in the 
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control samples demonstrates that the ß2-tubulin regulatory regions and the Actin5C 
promoter are active and also shows that the tissues where ß2-tubulin and Actin5C 
are active were efficiently homogenized. Thus, inefficient homogenization of target 
tissues cannot be responsible for the lack of detection in the transgenic lines 
analysed of Gal4. Using the A. v. GFP mAb, a band at 32 kDa was also detected 
from lines ß2-gal4-C,, (32-gal4-162, actin5C-gai4-471 and actin5C-gai4-473 
demonstrating the activity of the 3xP3-EGFP cassette. 
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Figure 4.15. Immunoblot of ß2-GaI4 and Actin5C-Gal4 lines. All proteins were separated by 8-14% 
SDS-PAGE. Gels for comassie staining and Immunoblot were run in parallel. Immunoblot activity was 
revealed by ECL detection (ECL plus, Amersham Pharmacia). Total protein samples of ß2-Ga14 (a) 
and Actin5C-Gal4 (d) lines were visualised with comassie brilliant-blue staining. (b, e) Immunoblot 
analysis with the anti-Gal4 (DBD) mAb against ß2-GaI4 and Actin5C-Gal4 lines, respectively. (c, f) 
Immunoblot analysis with the A. v. GFP mAb (Clontech Laboratories) against ß2-Gal4 and Actin5C- 
Ga14 lines, respectively. For all immunoblots, the purified Ga14 (DBD) control (Gal4) (Santa Cruz 
Biotechnology) was loaded at a 1: 1,000 dilution when compared to that loaded for comassie staining. 
For (a-c), sample EGFP represents control line ß2-egfp-Cl. For (d-e), sample EGFP represents 
control line actin5C-egfp-ML10. C1, ß2-gal4-Cl; 162, ß2-gal4-162; 471, actin5C-gal4-47i; 473, actin5C- 
gal4-473. Size markers are in kDa. 
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As a control for the ability of the anti-Gal4 (DBD) mAb to detect Gal4 protein, 
immunoblots were also performed on transfected Sua 4.0 cells. In these cells, after 
co-transfection of the pSLfaActin5C-Ga14 and pSLfaUAS-EYFP plasmids, the 
expression of EYFP demonstrates that Ga14 is normally translated. As expected, no 
Ga14 protein signal was detected in un-transfected cells or cells transfected with 
pMinEYFP. However, no Ga14 protein signal was detected in cells co-tranfected 
with pSLfaActin5C-Gal4 and pSLfaUAS-EYFP using the commercially available anti- 
Ga14 (DBD) mAb (Figure 4.16b). 
Instead, cells transfected with pMinEYFP or co-transfected with 
pSLfaActin5C-Gal4 and pSLfaUAS-EYFP generated a signal at 32 kDa representing 
EYFP when the A. v. GFP mAb was used (Figure 4.16c). The EYFP signal 
generated from cells transfected with pMinEYFP was much stronger than that 
generated by cells co-transfected with pSLfaActin5C-Gal4 and pSLfaUAS-EYFP. 
This reflects the levels of EYFP expression previously observed in figure 4.1. The 
detection of EYFP in co-transfected cells indicates that Ga14 activity is present and 
can be detected in transfected cells. It is possible therefore, that the lack of a Ga14 
signal in co-transfected cells is due to very low quantities of Ga14 being translated, 
which is below the detection limits of this study. This may also be true for the (32- 
Ga14 and Actin5C-Ga14 transgenic lines. 
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Figure 4.16. Proteomic characterisation of protein extracts from transfected Sua 4.0 cells. All 
proteins were separated by 8-14% SDS-PAGE. Gels for comassie staining and Immunoblot were run 
in parallel. Immunoblot activity was revealed by ECL detection (ECL plus, Amersham Pharmacia). 
Total protein samples of cell transfection samples were visualised with comassie brilliant-blue 
staining. (b) Immunoblot analysis with the anti-Ga14 (DBD) mAb against cell transfection samples. 
(c) Immunoblot analysis with the A. v. GFP mAb (Clontech Laboratories) against cell transfection 
samples. For all immunoblots, the purified Ga14 (DBD) control (Gal4) (Santa Cruz Biotechnology) 
was loaded at a 1: 1,000 dilution when compared to that loaded for comassie staining (a). For (a-c), 
sample EYFP represents control transfection pMinEYFP. WT, un-transfected Sua 4.0 cells; G/U, Sua 
4.0 cells co-transfected with plasmids pSLfaActin5C-Gal4 and pSLfaUAS-EYFP. Size markers are in 
kDa. 
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4.9 Publications 
The data on the ß2-EGFP A. stephensi genetic sexing strain has been published in: 
*Catteruccia, F., *Benton, J. P. and Crisanti, A. (2005). An Anopheles transgenic 
sexing strain for vector control. Nat Biotechnol 23,1414-7. 
*Contributed equally to this paper: We have also obtained the cover page for this 
issue. 
News and views article based on above publication: 
Atkinson, P. W. (2005). Green light for mosquito control. Nat Biotechnol 23,1371-2. 
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This study was aimed at developing new tools for malaria control strategies based 
on the release of transgenic Anopheles. For any release of mosquitoes in the field, 
whether meant to achieve population eradication or population replacement, the 
separation and elimination of females from the released males is essential as 
females are responsible for malaria transmission. Therefore a major objective of 
this study was the generation of a reliable genetic sexing mechanism using 
transgenic technologies. Furthermore, as an alternative to the irradiation procedure 
commonly used in SIT strategies, it was also attempted to develop a means to 
induce sterility in males by interfering with sperm functionality. 
Sex-specific expression of effector genes leading to the removal of females 
prior to release would increase the efficacy of mosquito SIT by eliminating potential 
vectors of disease from the released population and by increasing the proportion of 
matings between field females and sterile males, leading to a more rapid decrease 
in population size. To this end, the isolation and characterization of promoters 
enabling sex-specific gene expression would be instrumental. My study has 
focused on the process of spermatogenesis as a model to identify target genes with 
male-specificity and preferentially expressed during early developmental stages. 
Studies in Drosophila demonstrated the importance of the /3-tubulin gene family in 
spermatogenesis, in particular Dmß2tub. The ß2-tubulin isoform was found to be 
important in all stages of spermatogenesis, and in male flies where Dmß2tub was 
deleted sterility was conferred (Kemphues et al., 1979,1980,1982,1983). Also, 
Hoyle and Raff (1990) showed that male sterility was conferred when Dmß3tub 
comprised more than 20% of the total tubulin pool, when expressed in a Dmf32tub 
pattern. Therefore during this study I have identified and characterized Anopheles 
genes homologous to those within the D. melanogaster f3-tubulin family, with the aim 
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of assessing the possibility of inducing sterility in males by reproducing some of the 
experiments performed in the fruitfly. 
Analysis of the published A. gambiae genome showed that the putative /3- 
tubulins of A. gambiae were remarkably similar to their orthologues in D. 
melanogaster. All of the A. gambiae ß-tubulins contain the conserved C-terminal p- 
tubulin motif, EYQQYQ, and have very high amino acid sequence identity with their 
respective orthologues (P1s = 96%; ß2S = 91%; f33s = 95%). The sequence identity 
data indicated that the /3-tubulins from D. melanogaster are more closely related to 
each other than the /3-tubulins from A. gambiae. ß2-tubulin is remarkably conserved 
in the Drosophila genus, and full-length and partial /32-tubulin sequences obtained 
from 17 different Drosophila species all encode the same amino acid sequence as 
Dm/32tub (Nielsen et al., 2006). Five of these sequences encode full-length 
transcripts and are testis-specific showing conservation in function. Smith et al. 
(2007) have shown the sequence identity of the Ae. aegypti ß2-tubulin gene, 
Aa f32tub, to be 95% identical to the D. melanogaster homologue at the amino acid 
level, further highlighting the level of conservation between the dipteran ß-tubulin 
orthologues. This sequence conservation has also been demonstrated between 
orthologues in the vertebrate ß-tubulin families (96 to 99% identity) (Sullivan and 
Cleveland, 1986). Based on the published genome sequence, the full-length coding 
sequences of Agß2tub and Agf33tub were successfully amplified from male mosquito 
cDNA. Although there were a number of base pair differences (13 for Agf32tub and 
3 for Agß3tub, Appendix II) their amino acid sequence was identical to the published 
sequence. As all mutations were found at the 3rd base of their respective codon, it is 
likely that these differences are the result of strain polymorphism. The published 
sequence is based on the PEST strain whereas the isoforms sequenced in this 
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study were derived from the KWA strain. Fackenthal et al. (1993) also observed 3rd 
base differences between the published Drosophila (str. Canton S) Dmß2tub 
sequence when compared to the sequence of Dmf32tub they retrieved from different 
genetic stocks. 
Analysis of ß-tubulin C-termini demonstrated that the predicted and 
sequenced Agf32tub contains many conserved features held by ß-tubulins involved 
in the generation of motile flagella, including the axoneme motif, EGEFXXX, as 
defined by Kawasaki et al. (2003). Conservation of the axoneme motif throughout 
eukaryotic phyla is consistent with the hypothesis that assembly of a motile 
axoneme imposes structural constraints that limits evolutionary divergence of ß- 
tubulins (Silflow and Rosenbaum, 1981; Raff, 1984). This motif is also found in the 
Ae. aegypti ß2-tubulin isoform (Smith et al., 2007). One difference for Agf32tub, 
however, is the substitution of a methionine for a phenylalanine in position 4 in this 
axoneme motif, as observed in the ciliate E. octocarinatus (Raff et al., 1997) (Table 
3.3). Ag/32tub contains the conserved EG motif required for the assembly of a 9+2 
axoneme (Nielsen et al., 2001), as does Ae. aegypti (Smith et al., 2007). This is 
surprising as mosquito axonemes contain a 9+1 arrangement (Figure 1.6), 
suggesting that the EG motif serves a different purpose, or may be a general motif 
for the assembly of any motile axoneme. However, further studies involving 
organisms without the 9+2 axoneme are required to validate such a hypothesis. 
Based on the sequence homology, it was hypothesised that the expression 
profile of the Ag/32tub gene would have a similar spatial and temporal expression 
pattern to that of its Drosophila orthologue. To confirm this hypothesis, putative A. 
gambiae ß2-tubulin 5'- and 3'-regulatory regions (2.0 kb and 1.5 kb, respectively) 
were isolated to drive an EGFP reporter gene. These regions were then tested in A. 
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stephensi mosquitoes, as they are more amenable to genetic manipulation than A. 
gambiae. 
Injections with transformation vector pPB[DsRed]ß2-EGFP produced six 
transgenic lines with a minimum integration frequency of 4.0%. This is comparable 
to that observed in A. stephensi transformations by Catteruccia et al. (2000) (7.0%) 
and Brown et al. (2003b) (6.7%) using the Minos element, and Nolan et al. (2002) 
(4.0%) using the piggyBac element. The expression of the EGFP reporter gene 
driven by the Agß2tub regulatory regions could be detected in larvae at 6-7 days 
post hatching, and was localised in two fluorescent symmetrical ovoid bodies at the 
level of the 6th abdominal segment. EGFP fluorescence increased with time in the 
larvae and was only found in the male pupa and adult stages (Figure 3.7). The 
pattern of EGFP detected in this study is similar to the /32-tubulin expression profile 
in Drosophila, where Dmß2tub can be detected at the late 3rd instar larval stage, and 
is expressed solely during spermatogenesis (Kemphues et al., 1982; Fuller et al., 
1987,1988). This demonstrates that despite a 250-million-year divergence time 
between Drosophila and Anopheles, the role of /32-tubulin in dipteran 
spermiogenesis appears to be conserved. 
Upon dissecting A. stephensi ß2-EGFP males, green fluorescence was 
detected in testes, vas efferens, vas deferens, seminal vesicles and both accessory 
glands. Analysis of WT adult male dissections revealed that the accessory glands 
had both green and red auto-fluorescence, while no auto-fluorescence was detected 
in the testes (Figure 3.8). This was expected, since no study in Drosophila has 
detected ß2-tubulin in the accessory glands. It is likely that this auto-fluorescence is 
due to the proteinous small and large granules found in the accessory glands (rev 
Klowden, 1999). When the testes of ß2-EGFP males were mechanically ruptured, 
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EGFP was detected down the full length of the tail of individual spermatozoa (Figure 
3.8). This is in agreement with D. melanogaster, where Dmß2tub is the major 
isotype in the cytoskeleton of mature primary spermatocytes, meiotic spindles and 
sperm axoneme (Kaltschmidt et al., 1991). 
The results from this study clearly indicate that the localisation, and most 
probably function, of 62-tubulin are very similar between Anopheles mosquitoes and 
Drosophila, and similar results have been obtained in other mosquito species. A 
recent study has shown that the /32-tubulin promoter from Ae. aegypti is able to drive 
DsRed expression solely in the spermatozoa of this mosquito species from late 
larval developmental stages and beyond (Smith et al., 2007). Importantly, the 
pPB[DsRed]p2-EGFP transformation construct developed in this study has been 
successfully used to generate transgenic A. arabiensis mosquitoes (Thailayil and 
Bossin, in prep), the first example of this important Anopheles species being 
genetically transformed, and a similar construct is also functional in A. gambiae (G3) 
(Catteruccia/Crisanti, unpublished observation). 
As previously mentioned, removing females from any mosquito release 
programme is critical since they are solely responsible for blood meal-related 
disease transmission and may interfere with the mating of released males with field 
females. Sexing mechanisms based on pupa size dimorphism are not applicable to 
Anopheles mosquitoes, as there is no evident pupal size dimorphism (Lofgren et al., 
1974). In this light, many studies have investigated generating a genetic means to 
produce efficient sexing in Anopheles. Studies in the past have successfully 
generated sexing strains in Anopheles mosquitoes using radiation-induced 
translocation to the Y-chromosome of dominant selectable markers. Using the 
translocation of the semidominant autosomal gene for dieldrin resistance to the Y- 
chromosome of A. gambiae sensu stricto (A. gambiae species A) mosquitoes, Curtis 
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et al. (1976) developed a sexing strain, R70, where upon insecticide treatment a 
population containing 0.25% females was generated. This system is very powerful 
as females are killed at the 1st instar larva stage by a 24 h treatment of dieldrin 
leaving the males unharmed. It must be noted that for the three other stocks 
generated, populations containing 10-15% females were produced. A similar sexing 
system was also developed in A. arabiensis (Curtis, 1978). Of five different 
translocations generated, one, designated T15, demonstrated the ability to kill 
female mosquitoes following dieldrin treatment. Seawright et al. (1978) generated a 
Y-chromosome translocation system for preferentially eliminating female A. 
albimanus, an important vector of human malaria in Central America, using the gene 
conferring propoxur resistance. In one of their strains produced, 99.7% of the 
females were eliminated when treated with propoxur, without male loss. 
A number of studies have investigated the generation of a GSS using 
dieldrin resistance in A. stephensi (Liston). Following some attempts by Lines and 
Curtis (1984,1985), Robinson (1986) generated an A. stephensi GSS using Y- 
chromosome translocation of dieldrin resistance. This strain was successfully 
reared to large numbers for 18 generations without any sign of loss of the linkage 
between dieldrin resistance and the male sex. However, following dieldrin- 
treatments in the G5 and G7 generations it was evident that the insecticide treatment 
was affecting the emergence of male pupae inducing approximately 20% mortality. 
A common problem with Anopheles sexing systems utilising Y-chromosome 
translocation is the occurrence of crossing over between the selectable marker and 
the translocation breakpoint. This is a major hurdle as the production of material for 
a release programme extending over several months would run the risk of a serious 
decline in the efficacy of the sexing process as a result of the steady accumulation 
of recombinants in the breeding stocks. Also, treatment of mosquito stocks with 
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insecticides and chemicals has a negative effect on the overall fitness of the adult 
material produced. In this study I describe the development of a novel, robust, 
approach to generating a GSS in A. stephensi mosquitoes which relies on the male- 
specific expression of the EGFP fluorescent marker without the use of Y- 
chromosome translocation of insecticide or chemical resistance genes. 
Analysis of 1010 4th instar (32-EGFP transgenic A. stephensi larvae 
demonstrated that expression of ß2-EGFP offers the possibility to accurately identify 
and separate male from female A. stephensi mosquitoes at the larval stage of 
development with a 100% efficiency, without any detriment to male development. 
This analysis used individuals from two 62-EGFP transgenic lines, one of which 
contained at least three insertion events ((32-egfp-C, ) and one that contained a 
single insertion event ((32-egfp-C5). Although the intensity of EGFP expression for 
the two lines varied owing to the number of insertions, separation was easily 
achieved with both lines demonstrating the robustness of this sexing mechanism. In 
an SIT programme, millions of males would need to be sorted and released per 
week and therefore the separation of the two sexes should be based on a fully 
automated process. To this end, the COPAS XL instrument from Union Biometrica 
was tested and used to successfully separate transgenic male larvae based on their 
EGFP and DsRed phenotypes (Figure 3.9). The actual sorting speed of the 
machine can reach 5 individuals/s (therefore 180,000 individuals/10 h), however as 
the system was not optimized for sorting of mosquito larvae the results obtained 
were less encouraging. With further optimization of the instrument for working with 
mosquitoes, numbers could approach those ideally required for a future mosquito 
SIT release programme. Also as this instrument allows the recovery of both positive 
(males) and negative (females) samples at the end of the procedure, it would 
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represent an important tool for both the sorting and the maintenance of mass-reared 
factory-produced colonies. 
For a GSM to be useful, it is of critical importance that it does not confer a 
competitive disadvantage to the targeted males. To investigate the mating 
competitiveness of the transgenic /32-EGFP males, caged mate-choice experiments 
were performed where different ratios of transgenic and WT males were allowed to 
group mate with virgin WT females. This study showed that the transgenic males 
were as likely to achieve a successful mating as WT males (Figure 3.11), as 
demonstrated by the number of females containing green fluorescent sperm in their 
spermatheca (Figure 3.10). In all cages a fraction of females were not inseminated 
(. 20%), which is in agreement with studies in A. gambiae showing that, regardless 
of the number of males present, some females never mate, despite the considerable 
mating potential of males (Okanda et al., 2002). Also, the number of spermathecae 
inseminated with green fluorescent sperm in the experimental cages suggests that 
transgenic males are capable of mating twice, or in some cases three or more times, 
which is consistent with efficient mating behaviour. It must be noted that these 
experiments were performed in confined laboratory cages and therefore can only 
provide an indication to how these mosquitoes will perform in the field. Collectively, 
it is envisaged that upon further sorting optimisation, an Anopheles SIT programme 
based on the ß2-EGFP system may be used as suggested by Atkinson (2005) 
(Figure 5.1). Essentially, once males have been separated, they could be sterilized 
using conventional methods. If the irradiation procedure reduces the fitness of the 
released male material, the number of males needed to be reared and released to 
overcome this increases. However, as mentioned earlier it has been demonstrated 
that A. stephensi, A. gambiae and A. arabiensis males compete effectively with WT 
males if radio-sterilised at the adult stage. 
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The ß2-EGFP lines offer the additional advantage that they allow the 
identification of fluorescent spermatozoa in the spermathecae of mated WT females. 
This feature will provide a unique marker to monitor the effects of a sterile male 
release on the target population, allowing the assessment of important parameters 
such as dispersal analysis and mating competitiveness of the released transgenic 
males when compared to endogenous males. However, it must be stressed that 
before such a strain could be considered for transfer to a large-scale SIT 
programme, many factors still need to be addressed as outlined by Knols et al. 
(2006). The modified strain would have to be evaluated by investigating its ability to 
be reared to high levels of production and for an extended period of time allowing 
sufficient reliable data to emerge regarding its overall fitness, the accuracy and 
efficiency of a large-scale sexing procedure and the stability of the sexing system. 
The field performance would need to be studied, which could initially be assessed 
using large outdoor cage settings. A future point would then be the realisation of 
appropriate field test sites. Perhaps more importantly for the use of such a strain is 
the publicly perceived risk of releasing GMM into their environment. The impact of a 
negative public viewpoint was demonstrated in India in the 1970s that resulted in the 
abandonment of a WHO-funded mosquito genetic control programme following 
years of research (WHO, 1976). Public support needs to be strengthened by 
gaining trust through openness involving public authorities, press and scientific 
leaders in pest control. In fact, preliminary scientific workshops on many of the 
above matters have already been initiated (Atkinson (2006) - response to Knols et 
al., (2006)). 
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Figure 5.1. Hypothetical use of 82-EGFP in an Anopheles SIT programme. Inject the pPB[DsRed] 
02-EGFP transformation construct into the embryo of the desired Anopheles mosquito. Adults 
emerging from microinjected embryos are backcrossed, and progeny screened for expression of the 
3xP3-DsRed marker, which is constitutively expressed. Transgenic lines are then established and sex- 
specific expression of EGFP at the 4th larval instar stage examined. All EGFP-expressing individuals 
should be males; all non-EGFP-expressing larvae should emerge as females. Established transgenic 
lines are crossed generating a large pool of eggs. Transgenic larvae can then be automatically sorted 
on the basis of testis-specific EGFP expression using the COPAS XL fluorescence-activated machine. 
Male larvae are saved for mass rearing whereas female larvae could be used to replenish the working 
stock or discarded if numbers are too high. Future incorporation of this technology in SIT programmes 
would require sterilisation of the males using existing techniques and then release, resulting in pest 
population suppression or eradication. Adapted from Atkinson (2005). 
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The generation of transgenic mosquito lines is generally noted as being a 
very laborious and inefficient process. At present, when generating transgenic lines, 
Go individuals surviving the injection process are reared to adulthood and 
outcrossed with WT individuals of the opposite sex. Few transgenic progeny are 
produced from the total G, progeny screened with low transformation efficiencies. 
When generating the first A. gambiae transgenic line Grossman et al. (2001) 
produced two transgenic G, individuals from a total of 35,677 G, screened (<0.01 % 
total G, progeny) which were derived from one founder. The five transgenic strains 
generated in this study produced an average of 0.7% transgenic progeny (ranging 
from <0.1-1.6%) from the total G, pool. The main logistical burden is producing lines 
derived from male groups as these Go males are mated with a 3-4 time excess of 
virgin females and therefore the number of G, larvae typically screened from male 
groups to potentially yield a line is often very high (study average: 14,215 screened) 
(Grossman et al., 2001: 18,913 screened). 
However, the ß2-EGFP marker offers the possibility of improving the 
efficiency of generating transgenic individuals. As the ß2-EGFP marker is 
expressed in male germ cells (Figure 3.7,3.8), it was hypothesised that males 
showing green sperm cells at the Go stage may then have the transposon integrated 
into their germ cells and therefore be more likely to produce transgenic progeny. 
Therefore separating Go ß2-EGFP positive males and crossing them with WT 
females could increase the likelihood of generating a transgenic line and would 
reduce dramatically the number of G, progeny screened. A shorter ß2-EGFP 
cassette (ß2-EGFPs) was also generated and tested so that it may be more 
comfortably incorporated into future transformation constructs. 
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This cassette, containing EGFP flanked by 490 bp 5'- and 489 bp 3'-ß2- 
tubulin regulatory regions (Figure 3.12), was used to test the feasibility of selecting 
Go ß2-EGFP positive males. In summary, three Go males surviving injection showed 
transient EGFP expression in the testes (3.5% adults). Following group mating with 
WT females, 59 transgenic individuals were recovered from a total of 401 screened 
laid by three females (14.7% total G, progeny), which is more than 20-fold higher 
than the average observed from this study. Although it is likely that the progeny 
produced by females F1 and F3 resulted from mating with the same male, the 
progeny produced by female F2 was distinctly different, yielding an integration 
efficiency of 66.6% (a minimum of 2 out of 3 Go males analysed). This represents a 
considerable increase when compared to the 2.8% observed throughout this study 
when performing canonical screening on G, individuals. Transient expression of the 
ß2-EGFPs cassette in the testes was also observed in control experiments without 
the presence of the helper plasmid in two 4th instar larvae screened (2.2% of the Go 
larval population). However, ß2-EGFPS expression was not detected at the pupa 
stage, and as expected, when these males mated with WT females only WT 
progeny were produced. 
Although these experiments need to be confirmed, they nonetheless 
demonstrate the potential power of the Go ß2-EGFP male marker for dramatically 
increasing the efficiency of developing transgenic A. stephensi mosquitoes by 
reducing the number of outcrosses needed and the number of G, progeny having to 
be screened. However, some caution must be exercised when screening positive 
larvae, as fluorescence could be the product of transient expression of the /32- 
EGFPs cassette. Instead, screening and grouping at the pupa stage could possibly 
represent a more reliable strategy. It is likely that the ß2-EGFPs cassette could be 
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shortened further by reducing the length of the 3'-regulaory region used. The initial 
ß2-DsRed cassette that Smith et al. (2007) used contained 540 bp 5'- and 200 bp 3'- 
regulatory regions of the Ae. aegypti ß2-tubulin gene. DsRed transcripts were 
detected using RT-PCR analysis but DsRed fluorescence was not. Upon sequence 
analysis a point mutation at E160K within the DsRed coding sequence was found 
and may be the cause of the lack of protein expression. Collectively, these new 
tools may serve as a robust and common Go ß2-EGFP male marker in less 
genetically amenable mosquito species, that may be integrated in most 
transformation constructs used to develop transgenic mosquitoes alongside other 
target cassettes (Figure 5.2). 
02 5' Reg EGFP 02 3' Reg 
Ascl 
. 
. 
Promoter GOI Terminator 
Figure 5.2. Generation of a universal Anopheles sexing transformation vector. Using 
pPB[DsRed]ß2-EGFPs as a template, additional target cassettes of choice can be added. All 
transgenic individuals will express DsRed from the 3xP3 promoter. As the ß2-EGFPs cassette is 
cloned at the Ascl restriction site, an additional cassette may be cloned at the rare Fsel restriction 
site within the 3xP3-DsRed marked piggyBac construct. This transformation construct will also 
allow the identification of Go ß2-EGFPs positive male mosquitoes allowing them to be mated with 
WT females in an attempt to increase the likelihood of generating transgenic progeny from male 
founders. GOI, gene of interest. 
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There are presently several techniques for generating field sterility in mosquitoes 
including irradiation of late pupae/adults, chemosterilisation and cytoplasmic 
incompatibility. The second part of this study examined the prospect of using 
transgenic technology to induce sterility in Anopheles males whilst maintaining their 
fitness. Previous studies in Drosophila have shown that ß3-tubulin confers male 
sterility if it comprises 20% or more of the total tubulin pool in post-mitotic male germ 
cells (Hoyle and Raff, 1990), and Hoyle et al. (1995) demonstrated that male sterility 
was generated whether %33-tubulin was co-expressed with ß2-tubulin in a 1: 1,1: 2 or 
1: 3 ratio. By mimicking studies performed in D. melanogaster, it was hypothesised 
that expressing Ag%33tub in an Ag132tub pattern would induce sterility. Since the 
Ga14/UAS system functions in a broad range of organisms and cell lines (Fisher et 
al., 1988; Ma et al., 1988; Webser et al., 1988) and allows greater control of target 
gene expression, it was deemed a suitable system to assess sterility in A. stephensi 
mosquitoes. It must be mentioned that with SIT using males made sterile with 
dominant lethal mutations, female polyandry does not matter as in a multiply mated 
female dominant lethal carrying sperm will get a share of the fertilisation. However, 
if males were made sterile by a factor rendering sperm inactive, all fertilisation in a 
multiply mated female would be with fertile sperm. During such an SIT programme 
there would be selection for females that had enhanced likelihood of accepting a 
second mating. 
The system was initially tested in Anopheles cell lines, which when co- 
transfected with pSLfaActin5C-Gal4 and pSLfaUAS-EYFP plasmids showed high 
levels of EYFP expression. Transfections with the control plasmid pMinEYFP alone 
produced a higher proportion of fluorescent cells when compared to co-transfection 
with pSLfaActin5C-Gal4 and pSLfaUAS-EYFP. Similarly, transfection studies in 
Drosophila S3 cells performed by Klueg et al. (2002) demonstrated that the 
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Gal4/UAS system produced lower expression levels of two target genes when 
compared to simple promoter-target gene expression systems. On the other hand 
Imamura et al. (2003) have shown that transgene expression in the silkworm 
Bombyx mori is enhanced by the Ga14/UAS system. Using the B. mori Actin 
promoter, BmA3, to drive Ga14 expression, and the UAS-GFP responder construct, 
they observed higher levels of transient GFP expression in eggs that were co- 
injected with pBmA3-Ga14 and pUAS-GFP plasmids than in eggs injected with the 
constitutive pBmA3-GFP plasmid alone. Whether the Gal4/UAS system enhances 
expression of a target gene appears to be dependent on the species, and perhaps 
the gene, studied. However, regardless of gene expression, the Gal4/UAS system 
is clearly a powerful tool for expressing a transgene in a tissue- and temporal- 
specific manner. 
Despite successfully assessing the functionality of the Gal4/UAS system in 
mosquito cells, the attempt to generate sterility in males by expressing ß3-tubulin in 
a ß2 pattern failed to show the desired phenotype. Crosses between different ß2- 
Ga14 driver lines (Cl, C2,162) and UAS-ß3 responder lines (301,303,305) were 
established and two qualitative criteria were monitored to assess whether sterility 
had occurred. The first criterion was based on the ability of the females to lay 
batches of eggs following a suitable period of mating with 15 double transgenic 
males. The second criterion was based on the ability of any egg laid to hatch and 
propagate to the next generation. Disappointedly, no obvious difference in egg and 
larval numbers by females mated with double transgenic males compared to those 
laid by females from a WT cross was observed. Similar results were obtained when 
the different double transgenic combinations were allowed to mate with each other. 
As the responder line uas-ß3-305 contains at least five transgene insertions (Figure 
4.5) Ga14 binding sites would be unlikely to be a limiting factor in crosses with /. 32- 
-209- 
Discussion: chapter 5 
Gal4 lines. The same applies to the amount of Ga14 in crosses containing the driver 
line ß2-gal4-C2 which contains at least two transgene insertions (Figure 4.4). It is 
important to note, however, that as a limited number of driver and responder lines 
were generated and tested in this study, it is possible that experimental 
combinations able to generate male sterility were not identified. Hartley et al. (2002) 
demonstrated the importance of testing many different Ga14/UAS combinations to 
obtain a desired phenotype in Xenopus. They found variations in expression of 
Ga14 from driver lines containing the same construct, as well as variations in the 
response to Ga14 by effector lines. They hypothesised that these differences were 
the result of differing transgene integration sites and variations in copy number of 
the transgene between lines tested. Many Drosophila studies using the Ga14/UAS 
system cross a number of Ga14 lines with many UAS lines, and invariably find 
differences in phenotype produced with some combinations producing very large 
effects whilst others producing little or no effect. For instance, a recent study by 
Yoshioka et al. (2007) investigated the role of NF-YA (a subunit of nuclear factor Y) 
in the eye developmental pathway in Drosophila. Using known functional Ga14 
driver lines (one of which being Actin5C-Gal4) they crossed these lines with six UAS 
lines aimed at down-regulating NF-YA and 17 UAS lines aimed at up-regulating NF- 
YA. Although similar phenotypes were observed between the respective crosses, 
some combinations produced dramatic phenotypes whilst others produced only 
modest effects. 
An interesting finding in this study is that the transgene insertion line ß2-gal4- 
C, is X-linked, as determined by a clear female-specific sex bias in expression of the 
3xP3-EGFP transformation marker (Figure 4.6). This line will be extremely useful as 
an additional tool for microarray analysis of sex-specific gene expression during 
Anopheles development. Initially, Hahn and Lanzaro (2005) highlighted differential 
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gene expression between virgin male and female adult A. gambiae mosquitoes 
using Affymetrix GeneChip® miroarrays. Marinotti et al. (2005) developed this 
theme further by demonstrating variable gene expression profiles in A. gambiae 
adult male and females following a blood meal and more recently Dong et al. (2006) 
used microarray analysis to determine important genes involved in the A. gambiae 
immune responses to P. falciparum and P. berhei invasion. In this study, if one 
crosses adult male p2-gal4-C, mosquitoes with WT females, all green progeny will 
emerge as females and all WT progeny will emerge as males. The benefit of this 
compared to previous studies is that it allows one to separate male and female 
mosquitoes at very early developmental stages (immediately post hatching). Using 
Affymetrix GeneChip® miroarrays containing partial and/or full-length gene 
transcripts from A. gambiae, cDNA from these two resulting populations could be 
extracted and hybridized with the microarray chip allowing the identification of genes 
that are differentially expressed in males and females at very early developmental 
time points. Important genes could be developed further to determine their role in 
sex differentiation, and once determined, could be manipulated to perturb the sex 
ratio leading to future genetic control measures. Work of this nature is being 
performed in our laboratory (Magnusson, personal communication). 
As male sterility was not induced in this study, it was next decided to analyse 
the functionality of the Gal4/UAS components in A. stephensi mosquitoes by 
injecting plasmids known to function. Initially, constructs pSLfaActin5C-Gal4 and 
pSLfaUAS-EYFP were co-injected to obtain transient expression of the EYFP gene. 
Although EYFP expression was clear, it had a different pattern when compared to 
that of pMiRED (Figure 4.7). DsRed expression was clearly localised in the gut 
region, but also in some posterior cells of the larvae. Some EYFP expression was 
detected in the gut region, although it does not appear to overlap DsRed, but the 
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majority of the EYFP expression was detected in the posterior portion of the larva as 
large clusters of cells. This was surprising since the Actin5C promoter used to drive 
Ga14 was identical to that used to drive EYFP, DsRed and EGFP in previous 
experiments. Despite these differences, the results indicate that Ga14 is being 
expressed from the Actin5C-Gal4 cassette and is able to drive EYFP expression 
from the UAS-EYFP responder cassette in A. stephensi. 
Despite this partial success with transient injections, the functionality of the 
Gal4/UAS system in Anopheles could not be proven when crossing transgenic 
mosquitoes expressing the Actin5C-Ga14 or ß2-Ga14 cassettes with responder UAS- 
EYFP lines. These results were very surprising since these constructs are 
functional in Sua 4.0 cells, and the pSLfa precursor plasmids are functional in Sua 
4.0 cells and A. stephensi larvae. PCR on the genomic DNA from ß2-GaI4 and 
Actin5C-Ga14 transgenic lines demonstrated that the promoter-Ga14 junctions and 
the Ga14 coding sequence were intact (Figure 4.13). Moreover, RT-PCR analysis, 
focused on the 5'- and 3'-Ga14 coding sequence of these transgenic lines, 
demonstrated that Ga14 transcripts are being produced (Figure 4.14). It must be 
noted however that the frequency of obtaining the Ga14-specific products, when 
compared to S7 and EGFP control reactions, was low. Sometimes a Ga14 product 
would be produced and other times not, but the S7 and EGFP controls were 
amplified reliably. It is possible that although Ga14 RNA is present in the transgenic 
mosquitoes, it is unstable or is present in low quantities resulting in reduced levels of 
cDNA being produced. The same Ga14-specific RT-PCR reactions when performed 
on Sua 4.0 cells transfected with pSLfaActin5C-Gal4 and pSLfaUAS-EYFP, 
successfully amplified Gal4 transcripts. Since EYFP is detected when performing 
Sua 4.0 cell transfections with these plasmids, Gal4 must clearly be present and 
functional in this system. 
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However, when performing western blot analysis on the transgenic lines and 
the Sua 4.0 cells, Ga14 was never detected in any sample (Figure 4.15,4.16). This 
was particularly surprising when analysing the co-transfected Sua 4.0 cells as 
immunoblots performed with antibody A. v. GFP mAb, capable of detecting GFP and 
its variants, produced the 32 kDa signal from EYFP. This demonstrates that Gal4 
must be present and functional as its downstream responder cassette has been 
activated and EYFP expressed. Similar immunoblots using A. v. GFP mAb on 
control transgenic lines demonstrated that the tissues (in particular the testes) where 
Ga14 should be expressed are efficiently homogenised. As EYFP, and not Ga14, 
was detected from co-transfection studies in Sua 4.0 cells, it is possible that the use 
of the anti-Ga14 (DBD) mAb used in this study has not been effectively optimised, or 
that tissue preparations in this study somehow prevent the Ga14 DBD being reached 
by the anti-Ga14 (DBD) mAb used. Perhaps using an antibody directed against the 
C-terminal activation domain would allow detection of Ga14 from sample 
preparations. A further point may be that Gal4 protein does not accumulate to high 
levels in Anopheles cells despite efficient transcription, and as such, the amount of 
Ga14 present is below the Gal4-detection limits of the system used in this study. 
Reichel et al. (1995) reported a situation reminiscent of this by showing that Ga14 
does not accumulate to high levels in plant cells even though transcription was 
efficient. 
The Gal4/UAS system has been used in plants relatively frequently, but 
some studies have highlighted the negative effect of epigenetic factors such as 
cytosine methylation. Galweiler et al. (2000) showed that although Ga14 was able to 
activate transgene expression in transgenic tobacco, expression was weak and 
unusually susceptible to methylation-induced silencing. Ga14 binds as a dimer to the 
17 bp UAS element (Carey et al., 1989), and X-ray crystallography has revealed that 
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it makes specific contact with a3 bp 5'-CCG-3' sequence at each end of the 
element (Marmorstein et al., 1992). In plants, cytosine methylation occurs 
commonly on cytosine bases in 5'-CG-3' or 5'-CNG-3' sequences (Jeddeloh and 
Richards, 1996), meaning that every cytosine in the three CG base pairs of the Ga14 
contact-site is potentially methylated in plant chromatin. 
Although cytosine methylation occurs rarely in D. melanogaster and A. 
gambiae (Jabbari and Bernardi, 2004), the plasmids used to generate transgenic 
lines in this study were produced via Dam+/Dcm+ methylase E. coli (DH5a) cells 
(Invitrogen), which methylate certain sequences on either adenine or cytosine 
residues. It is possible that this epigenetic property in some way interferes with 
Ga14 binding to the UAS elements, as observed by Galweiler et al. (2000). One 
approach to eliminate or reduce intrinsic UAS methylation is to use a modified Ga14 
binding site. Using 5'-AGG-(11 bp)-CCT-3', which contains no methylatable 5'-CG-3' 
or 5'-CNG-3' sequences, Liang et al. (1996) showed that this sequence has the 
greatest residual Ga14-binding activity. However, it has an affinity for Ga14 that is 
100-fold lower than the optimal sequence (Liang et al., 1996). More simply, one 
could generate unmethylated DNA in E. coli using Dam-/Dcm strains to produce 
plasmid DNA for injections. From here, one could test the unmethylated pSLfaUAS- 
EYFP construct in Sua 4.0 cells and A. stephensi injections in the presence of 
pSLfaActin5C-Gal4 and determine if expression of EYFP is enhanced. One could 
also inject the unmethylated pSLfaUAS-EYFP construct into Actin5C-Gal4- or ß2- 
Ga14-containing A. stephensi embryos and determine if EYFP is expressed. This 
approach would allow mass loading of UAS elements into the Gal4 transgenic 
embyros, so if Ga14 is not translated to high levels in these lines, it would improve 
the chances of Ga14 finding a UAS site to bind and drive EYFP expression. If these 
above experiments are fruitful, generating UAS-EYFP transgenic lines with an 
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unmethylated pPB[DsRed]UAS-EYFP transformation vector should be performed. 
This set of experiments will be performed in the near future. 
As an additional approach to driving Agß3tub in a Agß2tub pattern, the 
construct pPB[DsRed]ß2-ß3tub has been generated (Figure 5.3). This construct 
utilises the same ß2-tubulin regulatory regions as pPB[DsRed]ß2-EGFP to drive the 
coding sequence of Agß3tub. This construct is scheduled for injection into A. 
stephensi embryos in the near future. When transgenic individuals are generated, 
males will be collected and crossed with WT virgin females and sterility assessed 
using the previously outlined qualitative criteria. Since Agß3tub is hypothesised to 
be a cytosolic protein, as found in Drosophila (Hoyle and Raff, 1990; Hoyle et al., 
1995), it is believed that its expression profile will be very reliable and strong as 
exhibited for EGFP when driven from the ß2-EGFP cassette. However, if sterility is 
induced using this system, females containing the ß2-ß3tub cassette will have to be 
isolated and crossed with WT males every generation, posing a logistical burden. 
1kb 
ABEHHKA 
Figure 5.3. A schematic representation of the pPB[DsRed]ß2-ß3tub transformation vector. 
Restriction sites Ascl (A), BamHl (B), EcoRV (E), Hindill (H) and Kpnl (K) used to generate the 
construct are shown. The DsRed selectable marker is under the transcriptional control of the 3xP3 
eye and neuronal ganglion promoter (3xP3). The ß3-tubulin reporter gene (ß3-tubulin) (1.3 kb) 
is 
under the transcriptional control of 2.0 kb 5'- and 1.4 kb 3'-regulatory regions of the putative 
Agß2tub gene (ß2 5' Reg and ß2 3' Reg). The reporter and marker cassettes were cloned within 
the 
inverted terminal repeats of piggyBac (grey arrows). pBL, piggyBac left inverted repeat; pBR, 
piggyBac right inverted repeat; SV40T, SV40 terminator region (0.25 kb). A1 kb scale marker 
is 
shown. 
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In conclusion this study has developed an A. stephensi GSM which may be 
transferable to other mosquito vectors, in particular those in the A. gambiae 
complex. The ß2-EGFP cassette holds many useful assets that could be valuable in 
future SIT programmes and laboratory confined studies. Such assets include the 
ability to detect sperm in female spermatheca and the ability to sex mosquitoes at 
the larva stage. The 62-EGFP lines may also be useful for studying sex-specific 
gene expression in the late larval stages resulting in a better understanding of 
critical genes that are expressed during the important larva/pupa developmental 
transition. The Gal4/UAS system was not shown to function when stably integrated 
in this study even though Ga14 transcripts were detected in all transgenic lines 
tested. However, it was shown to function in a transient setting both in cell lines and 
in early larvae, which is reminiscent of previous studies in plants. This is of 
importance, since unlike Drosophila, the usefulness of the Gal4/UAS system in 
Anopheles mosquitoes has been thrown into doubt. Although the Gal4/UAS system 
has been shown to have potent effects in eukaryotes such as Drosophila, it appears 
that it may be organism-specific and may very well be responder-gene specific. 
Further investigation, and optimisation, of the Ga14/UAS system in Anopheles is 
required to elucidate whether it holds the potential to be a powerful genetic tool in 
this medically important genus of mosquito. 
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Appendix/. Plasmid Maps 
(a) pBluescript SK+ (Invitrogen). 
(b) pPBß2-EGFP. 
(c) pSLfal180fa (Pharmacia). 
(d) pSLfaß2-EGFP. 
(e) pMinEYFP. 
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(a) 
(b) 
HindIII 
Plasmid pBluescript SK+ (Invitrogen). 
ampr: ampicillin resistance cassette. 
Important restriction sites utilised within the 
multiple cloning site are shown. 
HindIH EGFP 
EcoRV 2 3' Reg 
ß2 5'Reg KpnI 
Plasmid pPBß2-EGFP. 
amps: ampicillin resistance cassette. 
P2 5' Reg: A. gambiae ß2-tubulin upstream 
BamHI regulatory region. 
pBSß2-EGFP ß2 3' Reg: A. gambiae ß2-tubulin 
7.2 kb downstream regulatory region. EGFP: enhanced green fluorescent protein 
coding sequence. 
(c) 
HindIII KpnI 
Ascl 
BamHI 
Ascl 
pSLfal 180fa 
3.5 kb 
Plasmid pSLfall80fa (Pharmacia). 
amp': ampicillin resistance cassette. 
Important restriction sites utilised within the 
multiple cloning site are shown. 
-243- 
HindIII EcoRV EcoRI BamHI Kpnl Nod 
Appendix 
(d) 
(e) 
HindIII 
HinduI EGFP 
EcoRV ß2 3' Reg 
02 5' Reg KpnI 
10, 
BamHI 
pSLfaß2-EGFP 
Asc( 7.2 kb 
amp' 
BamHI 
EYFP 
XbaI 
Actin5C HspT 
NotI 
EcoRI ML 
MR 
pMinEYFP 
8.0 kb 
Ascl 
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Plasmid pSLfaß2-EGFP. 
ampr: ampicillin resistance cassette. 
P2 5' Reg: A. gambiae ß2-tubulin upstream 
regulatory region. 
P2 3' Reg: A. gambiae ß2-tubulin 
downstream regulatory region. 
EGFP: enhanced green fluorescent protein 
coding sequence. 
Plasmid pMinEYFP. 
amp': ampicillin resistance cassette. 
Actin5C: D. melanogasterActin5C 
promoter. 
EYFP: enhanced yellow fluorescent protein 
coding sequence. 
HspT: D. melanogaster hsp70 terminator. 
ML: minos Left arm 
MR: minos Right arm 
Appendix U. Agß2tub and Agß3tub sequences 
Appendix II, a: Nucleotide alignment of the predicted 5'-regulatory region of 
Agß2tub (PEST) and the sequenced 5'-regulatory region of Agß2tub (KWA). 
rrrr 5'Rcgb2P@9T I r, ZVI 
'Rngb2KWA rrrrrrrr 5 
5'Rcgb2PES? 61 it Ta T, T, v T Clef at TZ *60 
5IRngn2RWA 61 
5'Ragb2PEIT 121 trr rr crrrrr 
5'Ragb2R 12 1 ýtfofxtk rrrrrr 
5'Regb2QEST 181 
5'Rmgb2KWA 181 
5'"Regb2PEST 242 rrrrcr 
5'Regb2KWh 241 rrrrr rr rrr 
5'Ragb2PES; " 301 
5'Regb2KWA 301 
5'Regb2PEST 361 
5'Rcgb2KWA 361 
5'Rcgb2PEST 421C cA --TC 
5'Regb2KWA 421 rtr -L. 1 G CGZ7= CAA7T 
5'Regb2FEST 473 ýr 9 tý 
di ob rCTrJj lo do dig V UM C- rC 5' [tegb2KW 481 xFVW 
5'Regb2PEST 532rrrrrr 
5'Regb2KWA 541 rrrrrr -Vitt r 
5'Rngb2PEST 592 
5'Rngb2RWA 601 
5'Regb2PEST 652 
5'Rngb2KWA 661 
5'Regb2PEST 712 
5'Regb2KWA 721 
5'Regb2PEST 772 
5'Regb21WA 781 
5'Regb2PEST 832 
5'Regb2KWA 841 
5'Regb2PEST 892 
5'Regb2KWA 901 
5'Regb2PEST 952 
5'Regb2KWA 961 
5'Regb2PEST 1012 
5'Regb2KWA 1021 
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5'Regb2PE T 1072 
5'Rngb2KWA 1081 
5'Regb2PEST 1132 
5'Regb2KWA 114 
5'Regb2PEST 1192 
5`Re gb2IWA 1201 
5'Regb2PES"T 1252 
5'Regb2KWA 126: 
_ 
5'&egb2PEST 1310 
5'Regb2 WA 1321 
5'Regb2PK T 1370 
5`R gh2RWA 1381 
5'Regb2P S'. 1430 
5'Ragb2KWA 1441 
5'Regb2PE8T 1489 
5wRegb2RWA 1500 
S' R ag} 2+ W S= 1540 Cº1ý. _,,,,, 7r-ý 'ý 
'Lriv 
0 qplTý 5' RetýYý. ý. TiWla 1560 
5'Rngh2PEST 1606' M%womrarganawstv 5'Ragh2R`A 1620 Ttl TS 
5'Ragb2gWAT 360 {ýiý ý AriFf rrr FE 
5'RnqbZ1L'ri'iý 1680 ýW, ^ ýr rrrrrr1,137 
5'Regb2PRS'T 1726 
5`Rngb2RWA 1740 
5'Regb2PES 1786 
5'Rngb2KWA 1800 
5'R gb2PEST 1846 
5'Rngb2K A 1860 
5'Regb2PES7 1906 kye- 
5'Reqb2KWA 191: rrrer 
5`Regb2PES 1466 
5'Regb2XWA 1977 
1,997 bp 
2,008 bp 
Alignment of the 5'-regulatory regions of Agß2tub (PEST) (5'Regb2PEST) and Agß2tub (KWA) 
(5'Regb2KWA), are shown. Alignment of the 5'-regulatory regions was performed in ClustalW, and 
imported into BOXSHADE 3.21 for boxshade representation. Black boxes represent areas of 
nucleotide identity. The identity between the two sequences was approximately 97%. 
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Appendix II, b: Nucleotide alignment of the predicted 3'-regulatory region of 
Agß2tub (PEST) and the sequenced 3'-regulatory region of Agß2tub (KWA). 
3'Regb2PEST Wwvm"Mlg rrrr- 
3' Regb%Ki471 
_rr. rrrer 
3'Regb2FES7 58 
3'ReybzKWa 61 
3'Regb2PEST 118 rr rer rrr 
3'Regb2RKA 120 rr rrr xf-g IV rrr 
3'Regb2PEST 178 rh 
3'Rcgb2KWA 180 c rr r 
3'Regb2PEST 238 
3'Regb2KWA 240 
3'Regb2PES7 298 
3'Regb2K A 300 
3 Regb2 : 538 C r-, I1AAý "ýfaAAý ý, ' 
ýTýl 
Tý- 3' Regb2KWAiý11 529 . ýdýýG 
' ý'Gýi Cyý==EjCrsn C 
3'Regb2PES= 596 rGA aý 
3'Regb2KWA 58_ý 
4A_ 
G3 ---------- CAC 
'ýý ýý- 3'Regb2PEST 656 
3'RegbZRWA 623 : G+------ -----AA _ 
C. C Gý v 
3' Regb2PES '. ' 6 _ý r! ýý i_MC. 
ý: GC CG G CA 
3' Regb'KWA 65' G_ ý'j CA ------- 
CIACCJCCGGVAA vy- 720 
jý,. L'f _ r-ºýý; ilA ýri. r =iah-' 
ý=A A! : AAnA jL- 
3'Regb2KWAT 70. 
r-_:. ý1rýc4ý 
3'Regb2PES' 83¬ 
3'Regb2KWA 'S4 
3'Regb2PEST 896 
3'Regb2KWA 814 
3'Regb2PEST 956 
3'Regb2RWA 8? 4 
3'Regb2PEST 1O1i 
3'Regb2RKA 928 
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3'R gb2PEST 1076 
3'R yb2iWA 988 
3'Regb2PEST 1136 
3'Regb2KWA 1048 
3`Regb2PEST 119 
3`Rugb2KWA 1108 
3'Regb2PEST 1256 
3'Rngb2KWA 1168 
3`Ragb2PEST 1316 
3'Regh2RWA 1228 
3`Regh2PEST 1376 
3'Rrgb2KWA 1288 
3`Regb2PE$T 1436 rrrrf so WWI, qp r it 
3`Regb2KWA 1348 rr lp #, X&I If rrr TO'bi r 
3`Regb2PEST 1496 _r 
3'Regb2KWA 1408 e 
Alignment of the 3'-regulatory regions of Agß2tub (PEST) (5'Regb2PEST) and Agß2tub (KWA) 
(5'Regb2KWA), are shown. Alignment of the 3'-regulatory regions was performed in ClustalW, and 
imported into BOXSHADE 3.21 for boxshade representation. Black boxes represent areas of 
nucleotide identity. The identity between the two sequences was approximately 89%. Region of low 
homology between positions 460 and 830 is denoted by two red arrowheads. 
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Appendix 11, c: Nucleotide sequence alignment of Agß2tub from A. gambiae 
(PEST) and A. gambiae (KWA). 
Agb2TubPEST 
Agb2 ubKNA 
Agb2Tub? ES? 61 
Agb2: ubflA 61 
Agb27ubPEBT ýZ_ 
Agb ubKwA _ý_ 
Agb2 ubPES 183 
Agb2'. ubKWA 181 
A 
Agb2TubpEvi 241 
rr r rrý ýýrr ý1gb2SubxiiJi $1 i 
rrrrrrrr 
Agbý'TubpEsZ 39.. rr ýý. rr r ricýi, r z rc rr Agb%-utK'dA 30 rr r'i r aý rrrcrr rar 41 rä :xr L"» i rr lve Wei 
Aqb2TubPEST 361 
T 
Agb3TUbKW 363 
Agb2TubPES 4.11 
Agb. '. ubKWA 421 
Agb2TubpEs 4bß 
Agb2 ubKWý 'äö_ iä! it-ILZ rrý, ýr fr t. rr r- ýr rr r 
Agb?,: ubPES7 5d: 
Agb2 ubF. kA Sit 
Agb2: ubPES7 ;o 
Agb26ubRWA 601 
Agb2. ubPEST is61 
Agb2rubKWA 653 
Agb2iubPES 721 rr'ýýrrý r rr rr rr r rr fr 
Agb i 'ub KNA 72_ rrrrr. rrr Lirr. ýrý. ý: n.. r: r. r ir_rrtr. Sý-r 
Agb%TubPES 78- 
Atgb2rubKWA 781 
Agb27ubPEST 8 
Agb2TubKWA 8 oi 
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Agb2TubPEST 1081 
Agb2TubKWA 1081 
IL 
Agb2rubPEST 1141 
Agb2TubXWA 114. 
Agb2TubPEST 1201 OFEW 
Agb2TubKWA 1201 
AgbiTubPEST 12 61 rr Sr rrr rr r rr rrr 
Agb21"ubKWA 14i"ý '_ rrr rr rrrr rr rr r 
Agb2''ubPEST 1321 1,341 bp 
Agb2TubKWA 13 2: 1,341 bp 
Alignment of the nucleotide sequence between Agß2tub (PEST) (Agb2TubPEST) and Agß2tub 
(KWA) (Agb2TubKWA), are shown. The red arrowheads indicate the location of the 13 single 
nucleotide differences between the two sequences. No mutation altered the amino acid at that 
position. Black boxes represent areas of nucleotide identity. 
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Appendix 11, d: Nucleotide sequence alignment of Agß3tub from A. gambiae 
(PEST) and A. gambiae (KWA). 
Agb3TubPEST 
Agb3TubKWA 
Agb3TubPEST 61 
Agb3TubXWA 61 
Agb32ubPES 12ß 
Agb3TubKWA 121 
Agb3: ubPEBi 18 
Agb3iubKWA 18: 
Agb3TubPEBZ 2 41 I-tw 
gb 3x ub KWA 
:: 
241 
Agb37ubPE$T 302 r r=r r rnr rr ýrý Agb3iubKWA 301 rcr; r rr rr rrrrrr 
Agb3": ubPESr 3F, rrrrý-, r r, r r rr rrr 
Ägb3ubRiiil 3rrr rc e c-c r 
Agb3? ubPEST 421 
Agb3TubR'WA 421 
Agb3TubPES 481 
Ayb37ubKWA 481 
Agb37ubPES' 54= 
Agb3TubKWA 54= 
Agb3TubPES7 601 
Agb3TubKWA 601 
Agb3TubPEST 661 
Agb3TubKWA 661 
Agb37ubPE. S 721 re tr r' r" r rtr rrr 
Agb3. ubKWA 72- 
rrrr ý" 
rr' rc r' rr rr rrcrr" 
Agb32ubPEST Mir -FO&gfx 7 
Agb3: ubKWA 781 
Agb37ubPES7 841 
Agb37ubKWA 841 
Agb3iubPEST 30. rrrr rr rr rrr 
Agb3. ubKNA 90 c rs rc rr rr rrr 
Agb3: "ubPES' 951 r rr rrr 
rrrrr IMF. Agb3TubRUiA 9 b1 ý'C 
Agb3TubPEST 1021 
Agb3TubKWA 1021 
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Agb3TubPEST 1081 
A9b3TubKWA 1081 
Agb3TubPK9T 1141 
Agb3TubKWA 1141 
Agb3TubPESr 1201 tfwtl It 
hgh3TubKkh 120: r re rrrc 
hyb3TubPEST 1261 
Agb3TubKWA 1261 fvatI. TAWIN too 
Agh3? ubPEST 1321 rr rc rrr1,365bp 
Agb3TubKWA 1321 r rrr r 21 U 1,365 bp 
Alignment of the nucleotide sequence between Agß3tub (PEST) (Agb3TubPEST) and Agß3tub 
(KWA) (Agb3TubKWA), are shown. The red arrowheads indicate the location of the 3 single 
nucleotide differences between the two sequences. All three single point mutations were silent 
mutations. Black boxes represent areas of nucleotide identity. 
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Appendix Ill. 82-EGFPs Segregation Tables 
Appendix III, a. Segregation of the DsRed marker in the Gi ß2-EGFP. wild-type outcross. 
G2 fluorescence 
UI ramify 
+ 
Total G2 x2 
21 77 89 166 0.87 
22 136 128 264 0.24 
23 65 62 127 0.07 
G, positive females from founder female F2 were crossed with WT males. The G2 progeny of each 
cross was screened for DsRed fluorescence and scored as positive (+) or negative (-). As more than 
one fluorescent phenotype was observed from G1 female F2, it was divided into multiple subgroups 
((32-egfps-21.3). The segregation of the transgenic allele was consistent with the 1: 1 ratio expected of 
an insertion on a single chromosome in all crosses as determined by x analysis (p>0.05, d. f. =1). 2 
Appendix III, b. Segregation of the DsRed marker in the ß2-EGFPS G2 intercrosses. 
G3 fluorescence 
G2 family Total G3 x2 
-/- +1- +1+ 
21 47 97 39 188 1.45 
22 56 119 53 228 0.52 
23 33 66 29 128 0.38 
Larvae derived from intercrosses between heterozygous G2 individuals were scored for the intensity of 
their DsRed fluorescence. +/+ = strong fluorescence, homozygous; +/- = weak fluorescence, 
heterozygous; -/- = no fluorescence, WT. All three ß2-egfps-2 lines had phenotypic 
distributions 
consistent with the 1: 2: 1 ratio expected from a cross between two heterozygous individuals with a single 
transgene insertion, evaluated by x2 (p>0.05, d. f. =2). 
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